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About the Institute of Electronics

ABOUT THE ACADEMICIAN EMIL DJAKOV INSTITUTE OF ELECTRONICS

The Institute of Electronics at the
Bulgarian Academy of Sciences was
established in 1963 as a non-profit state
organization conducting research,
education and dissemination of scientific
knowledge in the fields of Physical
Electronics, Photonics and Quantum
Electronics and Radio Sciences. Soon, the
Institute of Electronics evolved as a
leading scientific institution in these areas
of applied physics and engineering within
the Bulgarian Academy of Sciences and in
Bulgaria.

Throughout the several decades of its
history, the activities of the Institute were
expanded toward fast developing fields of
applied physics and engineering, such as
high technology material fabrication,
treatment and analysis, nanosciences and
nanotechnologies, nanoelectronics,
photonics,  optoelectronics,  quantum
optics, environmental monitoring,
biomedical photonics and applications.

Key research areas:

e The investigations in physical
electronics are focused on the generation
and control of electron and ion beams and
their interaction with matter. Novel
techniques, theoretical modeling,
experimental and industrial equipment are
developed for surface modification, thin
film deposition and characterization,
welding and melting of metals by intense
electron beams in vacuum. The physical
basis is studied of technologies for
fabrication of nano-dimensional structures
using electron and ion beams. Computer
simulation and experimental investigations
are carried out on electron and ion
lithography of submicron and
nanoelectronic structures. The possibilities
are explored of creating nanomaterials and
nanoelectronic elements utilizing
superconducting carbon and polymer films
and experimental devices on that basis.
Another area of research concerns
fundamental properties of gases and
plasma of rare gases and metal vapors;
restoring electron-molecule cross-sections;
modeling of binary interactions in

molecular gases for industry, ecology and
spectroscopy needs. Arc plasmas and arc
plasma torches are studied in view of
diagnostics and applications, such as
plasma-assisted formation of thin films
and coatings, and realization of plasma-
chemical processes. Langmuir probe
measurements  are  employed  for
diagnostics of chemically active plasma
discharges.

e  The research in photonics and
quantum electronics includes:
experimental and theoretical studies of the
interaction of pulsed and ultrashort-pulsed
laser radiation with  matter; new
technologies based on near-field optics,
plasmonics and nanostructuring; laser
deposition and processing of active and
passive optical and magnetic films;
electromagnetically induced transparency
and absorption in alkali atoms with
metrological applications; investigations
and development of complex laser systems
for modification and analysis of
semiconducting and HTSC materials;
theoretical and experimental studies of
nonlinear optical phenomena; bio-medical
photonics.

e  The research in radio sciences is
concentrated on studying the interaction of
optical and microwave electromagnetic
radiation with the atmosphere and Earth
surface, namely, laser radar remote
sounding and monitoring of the
atmosphere,  microwave  radiometric
sensing of the soil moisture; detection,
amplification and signal processing
techniques for extraction and interpretation
of information; design of microwave
devices for radar and communication
system applications; nonlinear processes in
optical communication media.

Scientist from the Institute are actively
involved as experts in the work of a
number of governmental and international
organizations, such as the National
Scientific Fund, the Higher Attestation
Commission, specialized scientific boards
at the Higher Attestation Commission,
scientific boards at other institutes within
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the Bulgarian Academy of Sciences,
academic boards of universities, editorial
boards of Bulgarian and international
scientific journals, expert boards of the
European Commission, program
committees of national and international
scientific events.

Scientists from the Institute are
delivering 35 academic courses in ten
universities in Bulgaria and have been
invited to lecture at universities in the
European Union, Japan, etc. At present,
seven doctoral studies are preparing their
theses in the Institute.

The Academician Emil Djakov
Institute of Electronics was where the first
Bulgarian laser, lidar, plasma torch,
ultrahigh vacuum pump, micro-channel
electron-optical  converter,  parametric
microwave amplifier, Josephson junctions

and SQUID, portable microwave moisture
meter, magnetometer, installations for
electron lithography, electron beam
melting, refining, and welding were built,
followed by the development of several
advanced e-beam technologies, novel
types of optical gas sensors, pioneering
achievements in nanostructuring and
nanoparticle formation, laser and plasma
high technologies.

The Academician Emil Djakov
Institute of Electronics aims to sustain and
advance previous pioneering work by
promoting the theory, basic science and
technology of photonics, optoelectronics,
environmental monitoring, laser
biomedical research and applications.
This involves searching for new materials,
new techniques, new devices and new
applications.

STRATEGIC PLAN AND PRIORITIES FOR 2009 - 2013

Envisaged development of research
subjects and plans in short and long term
including the perspectives for the future
strengthening of interdisciplinary co-
operations within Academy, at national
level and internationally (in Europe and
worldwide).

Physical and Engineering Sciences are
key drivers of Research and Innovation,
providing fundamental insights and
creating new applications. The Scientific
research strategic plan of the Institute of
Electronics is based on the results and
achievements obtained by the most
competitive advanced researchers and
laboratories. It coincides nowadays with
several emerging fields. The research
activity of the Institute has tendency to
become more complex and
interdisciplinary. The following priority
fields will be basic for the next five years:

e Photonics: femtosecond photonics;
plasmonics; bio-medical photonics;
optoelectronics; new optical sensors; and
coherent  laser  spectroscopy. These
research investigations will correlate with
the study of new advanced materials and

structures, novel nanotechnologies and
optical communication. They cut across
many research activities including applied
physics, materials science, and
nanoelectronics.

e Nanoelectronics and new materials:
nanostructuring technology; fabrication
and characterization of nano-dimension
films, quantum wires and quantum dots;
understanding of the new generation field-
effect nano transistors; transportation of
electron spin and modification of magnetic
walls, as well as interaction of magnetic
and superconducting thin film structures.
Based on the experience and the results
obtained, an effort on creation of advanced
materials and targets for new generation
photovoltaics cells and displays will be
applied.

° Optical and radio-wave
technologies:  lidar  monitoring and
diagnostics of atmosphere and
thermonuclear plasma; radio-wave
sounding of Earth, sea and agriculture;
optical sounding of turbid media; imaging
and characterization of small objects.


http://en.wikipedia.org/wiki/Applied_physics
http://en.wikipedia.org/wiki/Applied_physics
http://en.wikipedia.org/wiki/Materials_science
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SCIENTIFIC COUNCIL™*

Chairman: Prof. P. Atanasov, Dr. Sc., Corresponding Member of BAS,

IE BAS, e-mail: paatanas@ie.bas.bg
Deputy Assoc. Prof. O. Yordanov, Ph. D.,
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IE BAS — Institute of Electronics of the Bulgarian Academy of Sciences

INRNE BAS - Institute for Nuclear Research and Nuclear Energy of the Bulgarian Academy of Sciences
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ISSP BAS — Institute of Solid State Physics of the Bulgarian Academy of Sciences
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LABORATORY

PLASMA PHYSICS AND ENGINEERING

HEAD: Assoc. Prof. S.P. Sabchevski, Ph.D.

TOTAL STAFF: 6
RESEARCH SCIENTISTS: 4
Assoc. Prof. E. Balabanova, Ph.D.; M. Dimitrova, Ph.D.;
M. Damyanova; E. Vasileva; P. lvanova.

RESEARCH ACTIVITIES

1. Diagnostics of edge plasma in
tokamaks

Langmuir probes have been widely
used in the study of the electron energy
distribution function (EEDF), beginning
with Druyvesteyn’s work. In a gas-
discharge plasma, the EEDF is determined
by measuring the second harmonic of the
probe current; various techniques for
evaluation of the plasma potential, the
electron density and, in the cases of a
Maxwellian distribution, the electron tem-
perature are available.

The recently developed kinetic theory
in a non-local approach broadens the
applicability of the probe method yielding
an extended Druyvesteyn formula at
intermediate gas pressures (100 -
1000 Pa), and the first derivative electron
probe method at high gas pressures
(>1000 Pa).

The Langmuir probe investigations
were continued in the new COMPASS to-
kamak at the Institute of Plasma Physics of
the Academy of Sciences of the Czech
Republic (IPP-ASCR). Recently, we pro-
posed a novel first-derivative probe
method for precise evaluation of the
plasma potential and the EEDF from the
first derivative of the electron current in
the 1-V characteristics. Some highlights of
the work during 2010 are: (i) novel results
obtained after processing the experimental
data from divertor probes in H, and He

plasma were interpreted and reported; (ii)
the accuracy of the plasma parameters
evaluated was discussed; (iii) a satisfac-
tory agreement was found when compar-
ing the result obtained from the model cal-
culations based on the extended formula
for the electron probe current with these
based on the classical method; (iv) the re-
sults obtained demonstrate that the pro-
posed procedure allows one to acquire
plasma parameters and, in particular, the
plasma potential with high accuracy using
the electron part of the current-voltage
Langmuir probe characteristics in tokamak
edge plasma probe measurements in com-
parison with the classical method, which
uses the ion part of the 1-V characteristics.

The work on the abovementioned top-
ics is being pursued as Task 2.2.1 “Edge
plasma diagnostics” of the Association
EURATOM-INRNE in collaboration with
SU “St. Kliment Ohridski” and IPP-
ASCR.

Currently, Ms. P. Ivanova is working
on the completion of her PhD thesis de-
voted to probe diagnostic of plasma in to-
kamaks.

2. Modeling, simulation and computer
aided design (CAD) of powerful
gyrotrons for fusion research

Modeling, simulation and computer
aided design (CAD) based on numerical
experiments are essential tools in the de-
velopment, optimization and study of
high-power gyrotrons used for electron
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cyclotron heating (ECRH) and electron
cyclotron current drive (ECCD) of mag-
netically confined fusion plasma in various
thermo-nuclear reactors (e.g. tokamaks,
stelarators), most notably ITER and
DEMO. The research on this topic is being
pursued as a Task 2.1.2 of the Association
EURATOM-INRNE by a Bulgarian team
from IE-BAS and from the Faculty of
Physics of Sofia University (FP-SU) in a
collaboration with the Institute for Pulsed
Power and Microwave Technology at KIT
(IHM-KIT), Karlsruhe, Germany and Cen-
tre de Recherches en Physique des Plas-
mas, Ecole Polytechnique Fédérale de
Lausanne (CRPP-EPFL), Switzerland.

The work includes: (i) theoretical in-
vestigations focused on the formulation of
adequate, self-consistent physical models;
(i) maintenance, upgrading and bench-
marking of the available computer codes
and programming libraries; (iii) develop-
ment of novel software tools for simula-
tion of the electron-optical system (EOS)
and the electro-dynamical system (reso-
nant cavity) using efficient numerical al-
gorithms, advanced computing environ-
ments and programming techniques, as
well as (iv) carrying out numerical ex-
periments for analysis, computer aided de-
sign (CAD) and optimization of megawatt
class gyrotrons.

The main results of the activities on
Task 2.1.2 can be summarized as follows:
(i) the research team maintains and contin-
ues to develop a great number of software
tools (most notably GYROSIM and
GYREOSS) for simulation and CAD of
gyrotrons that are operational on diverse
computational (hardware) platforms; (ii)
new components for simulation of quasi-
optical systems (mode converters, launch-
ers, transmission systems) were developed
and added to the GYROSIM software
package; (iii) two of the most important
components of GYROSIM, namely the ray-
tracer CUN-MIG/CUSP and MMTDCC
(multimode time-dependent cavity code)
were revised improving their program im-
plementation, efficiency and functionality;

(iv) novel field solvers of GYREOSS for
calculation of both the electrostatic field
(on a tetrahedral mesh in a hybrid finite-
element formulation) and the magnetic
field produced by a system of solenoids
were developed using the powerful nu-
merical package FreeFEM++; (v) a series
of numerical experiments were carried out
for testing and benchmarking the available
simulation tools, as well as for simulation
of real designs of megawatt class conven-
tional and coaxial gyrotrons for ITER us-
ing the codes ESRAY and CAVITY devel-
oped at IHM-KIT. The simulations con-
ducted give deeper physical insight into
the operation of high-performance gyro-
trons of the megawatt class and are
benchmarks that demonstrate the improved
performance of the upgraded codes. More-
over, these results suggest some further
experiments for a more detailed study of
the correlation between beam-quality pa-
rameters and efficiency, on one hand, and
the particular design (configuration of the
electrodes, tailoring of the magnetic field
profile etc.), on the other.

3. Development, investigation and
application of high-frequency gyrotrons

In recent years, the most powerful
sources of coherent radiation, the gyro-
trons, have demonstrated a remarkable po-
tential for advancement towards higher
frequencies in the sub-terahertz and the
terahertz frequency range. This opens
manifold novel and attractive possibilities
for various applications of the gyrotrons in
the fundamental research and the tech-
nologies. One of the leaders worldwide in
the field of development, investigation and
application of such gyrotrons is the Re-
search Center for Development of the Far-
Infrared Region (FIR FU Center) at the
University of Fukui, Japan. Our longstand-
ing (more than 12 years) and fruitful col-
laboration with it has been carried out in
the framework of the Agreement for Aca-
demic Exchange between IE-BAS and FIR
FU and a Memorandum of Understanding
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for creation of an international consortium
for “Promoting international collaboration
for development and application of sub-
millimeter gyrotrons”.

The results of this collaboration during
2010 have been in three main directions,
namely: (i) further development of the
physical models and computer codes for
CAD of high-frequency gyrotrons; (ii) de-
velopment of novel designs; (iii) extending
the applications of gyrotrons to new fields.

We will mention here only the most
characteristic results for 2010.

A novel, versatile sub-terahertz gyro-
tron for spectroscopic studies (e.g. electron
spin resonance spectroscopy, DNP/NMR
spectroscopy, X-ray detected magnetic
resonance etc.) was developed using the
numerical codes of the upgraded version
of GYROSIM simulation package. It is
characterized by an advanced design based
on a compact cryo-free super-conducting
magnet with maximum field intensity of
8 T, operating on the TEgy; mode at the
second harmonic of the cyclotron fre-
quency. One of the most stringent con-
straints of the design is an inner bore di-
ameter of only 52 mm. In order to over-
come it a novel EOS based on a compact
triode magnetron injection gun (MIG) was
designed for this tube. It provides a high
quality helical electron beam with appro-
priate parameters (sufficient current in the
range 0.2-0.3 A, small velocity spread and
high velocity ratio at relatively low values
of the accelerating voltage (around 15 kV).
Taking advantage of the recent theoretical
findings that predict an increased effi-
ciency in a cavity resonator with slightly
up-tapered central section, the initial de-
sign was eventually optimized. The most
important consequence of this optimiza-
tion was a substantial widening of the
tunability range from 424.2 — 424.3 GHz
(for the initial design) to 424-425 GHz for
the optimized resonator while, at the same
time, keeping the output power at levels of
about 100 W. This wide range of a con-
tinuous frequency tuning (which is essen-
tial for the various spectroscopic applica-

tions) was achieved through excitation of a
sequence of high-order axial modes
(HOAM) with an axial index ¢ranging
from q=1to q=6.

One of the pioneering applications of
the sub-terahertz gyrotrons was in measur-
ing the energy levels of positronium. The
experimental setup requires a frequency
tunable gyrotron, which generates coher-
ent radiation with a frequency around
203 GHz and a Fabry-Perot open resonator
with high finesse. The construction of the
whole system has been recently progress-
ing steadily and all components (the gyro-
tron, the transmission line; the resonator
etc.) have been tested and optimized. The
ongoing experiments are a preparation for
the first direct and precise measurement of
the hyperfine splitting of positronium. For
more details, we refer to the papers on this
project published during 2010 (see the list
of publications).

4. Studies on the fundamental processes
in gases at high temperatures

In recent years, a series of studies fo-
cused on the investigation of the interac-
tions between particles in pure gases and
gas mixtures has been carried out in the
Laboratory. The research in this field has
continued during 2010 and novel data for
the intermolecular interactions and
thermo-physical properties of O, were
published. The physical model used in or-
der to predict the most important parame-
ters affecting the thermo-physical proper-
ties of oxygen is based on the well-known
(n-6) Lennard-Jones temperature depend-
ent potential developed by Stefanov and
Zarkova. The tables compiled with rec-
ommended values for the potential-well
depth, equilibrium distance, second virial
coefficient, viscosity and diffusion in the
temperature range 200-1200 K compensate
the lack of systematic experimental data in
such a large temperature interval and can
be used for both interpolation and extrapo-
lation, as well as for calculation of other



14

Laboratory Plasma Physics and Engineering

potential-dependent properties of oxygen
and oxygen containing mixtures.
Currently, Mrs. M. Damyanova is
working towards her PhD thesis, which is
intended to present and summarize the re-
cent results of the research on this topic.

5. Investigation of
materials

nanocomposite

The usefulness of the electron micros-
copy micrograph image analysis method in
revealing the main characteristics of nano-
composites was demonstrated for the case
of semiconductor thin film production.
Nanocomposite materials with semicon-
ductor properties were studied in collabo-
ration with colleagues from the Institute of
Solid State Physics, BAS. The composites
were produced by applying a multilayer
deposition approach. Three-layer struc-
tures of SiOx /CdSe/SiOx with different
thicknesses of SiOx and CdSe (1 and 2
nm) were prepared. Cross-sections of
high-resolution  electron ~ microscopy
(HREM) results yielded evidence for ho-
mogeneously distributed CdSe nanoparti-
cles in the annealed samples, i.e. indicate
nanocomposite formation. Based on the
experience gained in our Laboratory dur-
ing preceding studies in HREM micro-
graph image analysis, the size and size dis-
tributions (after statistical processing) of
the nanoparticles observed were obtained.
It was shown that the thickness of CdSe
does not influence the average size of the
particles significantly but the size distribu-
tion is narrower for smaller thickness of
CdSe. The results for the size and size dis-
tributions are important for the fundamen-
tal research on quantum size effects in
semiconductor materials, as well as for
practical applications (e.g. luminescence,
photoconductivity etc.).

6. Investigation of the physical proper-
ties of materials, surfaces and structures

The IE-BAS is one of the founding
members of the Center for Investigation of

the Physical Properties of Materials, Sur-
faces and Structures at the BAS. It is
equipped with state-of-the art analytical
measuring devices that include a scanning
probe microscope (DiMultimode V,
Veeco). During 2010, a member of our
Laboratory, Eng. E. Vasileva, was among
the operators who studied and mastered
some advanced techniques and methods
that can be used for complex analysis of
various nano-materials and structures.

PUBLICATIONS
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ONGOING RESEARCH PROJECTS

Funded by EC as 7FP projects through
Contract of Association with Association
EURATOM-INRNE

1. Task2.1.2: Development of numerical
codes to describe the behavior of high
power gyrotrons.

2. Task 2.2.1: Edge plasma diagnostics.

In the framework of the collaboration
between IE-BAS and FIR FU Research
Center in the University of Fukui, Japan

1. Analysis and optimization of electron
guns for compact shower devices and
submillimeter wave gyrotrons.

2. Promoting international collaboration
for development and application of
submillimeter wave gyrotrons.

COLLABORATIONS

1. Analysis and optimization of electron
guns for compact shower devices and
submillimeter wave gyrotrons, in the
framework of the Agreement for aca-

demic exchange between IE-BAS and
FIR FU Research Center in Fukui, Ja-
pan.

2. Promoting international collaboration
for development and application of
submillimeter  gyrotrons, in the
framework of the Memorandum of
Understanding between IE-BAS and
FIR FU Research Center in Fukui, Ja-
pan for establishing an international
consortium.

3. Development of numerical codes to
describe the behavior of high power
gyrotrons, Task 2.1.2 of the Association
EURATOM - INRNE in collaboration
with KIT-IHM, Karlsruhe (Germany)
and EPFL-CRPP, Lausanne (Switzer-
land).

4. Edge plasma diagnostics, Task 2.2.1
of the Association EURATOM- INRNE
in collaboration with the Institute of
Plasma Physics, Czech Academy of
Sciences, Prague, Czech Republic.
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1. S. Sabchevski 01.01.2010 30.03.2010
Research Center for Development of
the Far-Infrared Region, University of
Fukui, Fukui, Japan.

2. M. Dimitrova 15.09.2010-15.10.2010
Institute of Plasma Physics, Czech
Academy of Sciences, Prague, Czech
Republic.

3. M. Damyanova 01.11.2010-30.11.2010
Institute for High Power Pulse and
Microwave Technology (IHM) of the
KIT Karlsruhe, Germany.

4. P.Ivanova 02.05.2010-28.05.2010
Faculty of Electrical Engineering,
University of Ljubljana, Slovenia.
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LABORATORY

PHYSICAL PROBLEMS OF ION TECHNOLOGIES

HEAD: Prof. S. Tinchev, Dr.Sc.

TOTAL STAFF: 5
RESEARCH SCIENTISTS: 4
P. Nikolova; Y. Dyulgerska; E. Petrova; R. Kozhuharova.

RESEARCH ACTIVITIES

1. Interface superconductivity — possible
origin of high critical temperature in
layered superconductors

In a superconductor below its transition
temperature (T¢) the current is carried by
electrons pairs (Cooper pairs). The
mechanism by which two negatively
charged electrons are bound together is
their interaction with the vibrations of the
underlying lattice: one electron in the pair
polarizes the lattice by attracting the nuclei
towards it, into which a second electron is
attracted.

Obviously such polarization should be
stronger at the surface of the
superconducting material in comparison
within the bulk of the superconductor
simply because the surface atoms in the
lattice are weakly coupled together. In
other words, the surface of a
superconductor should possess better
superconducting properties (higher T,)
then inside the superconductor. Covering
the surface of a superconductor by another
material  should also change its
superconducting properties because the
vibration of the underlying lattice will thus
be influenced.

Many theoretical papers have appeared
dealing with enhanced surface
superconductivity. It was shown that in
certain cases one may have the surface T,
higher then the bulk T..

In high-T. superconductors, effects of
raising the superconducting transition

temperature were observed in bulk
materials as well in thin films. It was found
that doping with Au enhances the T, of
YBa,CuzO; ceramic sample by about
1.5 K. Similarly, in the YBayO7.5/Ag
composition, the superconducting
transition temperature was slightly higher
(~ 91 K) then that of for pure YBa,CuzO;
(~90.5 K).

We observed a similar effect in the
high-T. thin  film  bilayer  system
YBa,CuzO;.x/Ag. It was found that the
deposition of a silver over-layer on the
YBa,CuzO;.x thin films enhances its
superconducting transition temperature.

We have observed that the surface and
the interface of high-T; thin film with the
substrate can have different T.. The
interface-T, is always higher then the
surface T. probably because of the
influence of the substrate. The surface T; is
changed (enhanced) by deposition of a
silver over-layer. These effects (enhanced
superconductivity at the interfaces of a
superconducting film) are probably caused
by the change of the vibrations of the
surface of the lattice, which increases the
coupling of the Cooper pairs.

In the annealed YBCO-Ag system a
magnetic  transition and  magnetic
properties of the interface were observed.
Similar effect: enhancement of the Curie
temperature of Fe films coated with Ag, Pd
or O exists also in the magnetism.
Regardless of the quite different electronic
structure of Ag, Pd or O, they all increase
the Curie temperature by a similar amount.
Therefore we believe that also in this case
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(in analogy to interface-superconductivity)
magnetism can be induced at the interface
between the otherwise non-magnetic
materials. Recently, two references were
found, where the existence of the magnetic
layer at the Ag/LaCeCuO interface was
also observed.

We believe that such phenomena are a
common feature of layered systems. This
two dimensional  bilayer  structure
resembles the layered microstructure of the
high-temperature superconductors and one
can suppose that enhancement of the
interface critical temperatures by covering
of the superconducting layer by non-
superconducting layer is the origin of high
critical temperatures in layered
superconductors.

2. Laser-induced modification of
hydrogenated amorphous carbon films

The laser-induced modification of thin
films of amorphous carbon (a-C:H) was
investigated. The films were deposited by
DC PECVD on silicon substrates using
different bias voltages: 1 kV, 1.5 kV, 2
kV, and 2.5 kV. Raman spectra of the
samples were measured with a LabRAM
HR spectrometer at 633 nm in the near
backscattering geometry. The diameter of
the laser spot on the sample is about 1 pm
and the spectral resolution is 1 cm™. The
laser power was 9 mW and a set of filters
were used in order to reduce the laser
power on the sample surface.

The parameters of the Raman measured
peaks (position, width and intensity ratio)
were used for the characterization of the
films. The interpretation and evaluation of
the Raman spectra was first based on the
decomposition of the curve into two
components. Later, decomposition into
four peaks was also used. The Raman
spectra of all our films measured at filtered
(reduced) laser power showed a peak at
1510 cm™ typical for a hydrogenated
amorphous carbon (a-C:H), which
however, is different from the pure G-peak
observed in graphite. We observed also the

well-known peak at about 1360 cm™
referred to as the D-peak associated with
in-plane vibrations and resulting from
structural imperfections in the material. In
all films, the I(D)/1(G) ratio was about 1 or
smaller. After Raman measurement at full
laser power a significant increase in
I((D)/I(G) ratio was observed for all
samples. The increase in I(D)/I(G) is an
evidence for the development of
graphitization in the films. It was also
found a shift in a G-peak position from
1510 to 1573 cm™, an effect, which can be
explained with the films becoming more
graphite-like.

These effects are probably due to the
high absorption in the films inducing a
very high local temperature, which cannot
be dissipated quickly enough by the
substrate, leading to graphitization and
even to material ablation. Comparisons of
the Raman spectra with those of thermally
annealed samples suggest that the
observed modification is primarily due to
local temperature effects.

In general, we can conclude that the
increase of the bias voltages of our
samples produces similar structural
changes as the increase of annealing
temperature. This can be explained by the
increased absorption of these films at the
laser wavelength. Although our results
show decrease of D-peak and G-peak
intensities with the bias voltages, Raman
spectra of our films obtained with 1 — 1.5
kV and 2 — 2.5 kV are similar to those of
in-situ annealed with atomic hydrogen
DLC films at about 400°C and 700°C,
respectively.

Our  results  confirmed  earlier
observations that film modification can
occur if proper care is not taken when
using Raman spectroscopy and as a result
“real” Raman spectra of materials cannot
be obtained. The threshold power density
above which the amorphous carbon is
modified was estimated to be about 10"
W/m?. This modification is stronger in the
films produced at higher bias voltages,
which have stronger absorption at laser
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wavelength 633 nm. Our observation
suggests that laser-induced modification of
a-C:H films is due to thermal effects.

PUBLICATIONS

1.
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superconductivity - Possible origin of
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Laser - induced modification of
hydrogenated amorphous carbon films
J. Phys.:Conf. Series 223 012039
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11 Oct. 2010, Walther-Meissner-
Institut, Bayerische Akademie der
Wissenschaften, Garching, Germany.
Nikolova P, Tinchev S, Dyulgerska Y,
Raman Investigation of Hydrogenated
Amorphous Carbon Thin Films,
11™ Int. Balkan Workshop Appl. Phys.
07-09 July 2010 Constanta Romania.
Tinchev S, Nikolova P, Valcheva E,
Dyulgerska Y, Petrova E, Laser -
induced modification of hydrogenated
amorphous carbon films, 16" Int.
School on Condensed Matter Physics,
Varna, 29 Aug.-3 Sept., 2010.

ONGOING RESEARCH PROJECTS

Financed by the National Science Fund
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process in formation of
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energy.

Financed by BAS
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Nanofunctional thin films and

structures.
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LABORATORY

PHYSICAL PROBLEMS OF ELECTRON BEAM TECHNOLOGIES

HEAD: Prof. G. Mladenov, Dr.Sc., Corresponding Member of BAS

TOTAL STAFF: 12
RESEARCH SCIENTISTS: 10
Prof. K. Vutova, Dr.Sc.; Assoc. Prof. P. Petrov, Dr.Sc.; Assoc. Prof. V. Vassileva, PhD;
Assoc. Prof. E. Koleva, Ph.D.; Assoc. Prof. Y. Gueorgiev, Ph.D.;
M. Beshkova, Ph.D.; M. Petkov, Ph.D.; Ch. Georgiev; M. Kardjiev; T. Nikolov.

RESEARCH ACTIVITIES

1. Nanoelectronics and new materials

1.1. Structuring technologies for nano-
electronics

In the field of nanolithography by
means of electron beams, we studied the
nonlinear behavior of polymer and oly-
gomer resists development, instead of the
generally accepted linear local develop-
ment of irradiated or non-irradiated areas
of electron resist layers. Based on experi-
mentally obtained dependencies of the de-
velopment rate on the exposure dose for
positive polymer resists or for negative
olygomer resist type HSQ and on com-
puter simulation for selected developers
and resist thickness, the developed relief
structure in the resist layer was predicted.
The computer simulation is based on an
original time-dependent scheme taking
into account the type of developer and its
temperature.

The scheme makes use of the multi-
ciphered experimental dependencies of the
solubility rate on the exposure dose at
various other conditions (time, depth).

Using experimental data obtained in
Germany, the maximal aspect ratio (AR)
during electron lithography of HSQ and
the supercritical resist drying (SRD) using
carbon dioxide were evaluated. The results
show that the critical dimension of the
nanostructures developed is about 1/3 of
the dimensions of olygomer or polymer

aggregates of the resist studied (for the
most frequently used electron resists, this
critical dimensions is 20 nm for PMMA
and 10 nm for HSQ). The width of the
pitch between two nanostructures has also
a critical dimension limited by the surface
tension. In the case of width values lower
than this critical dimension, the surface
roughness plays a considerable role. This
roughness is connected with the mentioned
dimension of the resist material aggre-
gates.

We analyzed our data on creating sub-
50 nm conventional metal gates and T and
-shaped gates for SiGe/Si hetero-field-
effect transistors. Contrast curves were
measured for two-layered resists from
PMMA of various molecular weights un-
der specific conditions of exposure and
development. For conventional gates of Ti
and Pt/Au, we obtained minimal widths of,
respectively, 40 nm and 60 nm. For T and
"-shaped gates, in the case of Ti, we ob-
tained 35 — 40 nm at a vertical part of 180
nm and head of 550 and 300 nm, respec-
tively; for Pt/Au these dimensions were:
35 — 40 nm at a vertical part of 160 nm
and head of 550 and 400 nm. The real
SiGe/Si hetero-field effect-transistors with
a Pt/Au gate exhibit a higher frequency of
145 GHz at room temperature.

1.2. Deposition and study of thin films

We continued our studies on silicon
carbide as it is widely considered to be a
strategic ~ semiconductor  for  high-
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temperature,  high-power, and high-
frequency device applications. The most
common poly-types of SiC are 4H, 6H,
and 3C, the latter being the only cubic
phase. As a consequence, it has specific
advantages over the hexagonal forms that
make it desirable for certain device appli-
cations.

We studied the growth of 3C-SiC on
6H-SiC(0001) substrates at source tem-
perature of 2000 °C and various tempera-
ture gradients (5 — 8 °C/mm).

The morphology investigation by opti-

cal microscopy in transmission mode re-
vealed complete 3C-SiC coverage with no
6H-SIC inclusions for a sample grown at
temperature gradient of 8 °C/mm.
For this sample, the 2-theta-omega scan
showed high intensity of the 111 peak
which is related with complete 3C-SiC
coverage. The AFM image of the same
sample showed some additional lines re-
lated to overlapping of domains.

Two p-doped 3C-SiC layers grown on
6H-SIC (0001) by means of sublimation
epitaxy were studied electrically using C-
V, deep level transmission spectroscopy
(DLTS) and admittance spectroscopy. The
net doping concentration was measured as
3x10" cm™ and 1.5x10Y cm™, respec-
tively, in agreement with the SIMS (sec-
ondary ion mass spectroscopy) and LTPL
(low temperature photoluminescence) re-
sults. It was found that all incorporated Al
is electrically activated during the growth.
DLTS spectra taken on several contacts of
both samples reveal many peaks, which
are not repeatedly observed, indicating an
inhomogeneous defect distribution in the
samples. Furthermore, admittance spec-
troscopy and DLTS confirmed the unin-
tentional incorporation of boron during the
growth. The presence of electrically active
extended defects was detected by DLTS.
The dependence of the corresponding dips
on the filling pulse length is in agreement
with the model proposed by Figielski.

We also studied the non-equilibrium
carrier dynamics by light-induced transient
grating technique in 3C-SiC layers grown

by sublimation epitaxy on 6H-SiC, directly
and on seed 3C-SiC layer. The results
revealed that the use of a seed layer re-
duces the amount of structural defects and
improves slightly the photoelectrical pa-
rameters. The temperature dependences of
the carrier mobility pointed to the reduced
amount of ionized impurities in the seeded
layer and the efficient screening of carrier
scattering centres in the heteroepitaxial
layer.

1.3. Fabrication of new material by elec-
tron-beam melting of wastes of titanium,
hafnium and tantalum

1.3.1. Studies were performed on electron
beam melting and refining (EBMR) at
various technological regimes in view of
recycling Hf, Ta and Ti wastes. The refin-
ing processes and thermodynamic condi-
tions for removal of different component
from the molten pool were analyzed. The
kinetic coefficients and constants charac-
terizing the component's refining rate were
determined. It was found that not only
mass transfer through molten metal and
from molten metal surface are limiting
phenomena, but other processes, such as
chemical reactions, are of considerable
importance. Refining from Sn, Al, Mo, Fe
and Ni depends on the duration of electron
beam heating at EBMR of Hf. For Fe, Ni
and Mo, the optimal duration of refining is
3 minutes. The Zr removal is more diffi-
cult due to thermodynamic limitations.
The Hf refinement is better at lower beam
powers; optimal results were obtained at
12 kw.

In the case of Ta refining, the concen-
tration of W and Nb was studied. The best
purity of the Ta after EBMR under the in-
vestigated conditions was obtained at
beam power of 24 kW, melting rate of
0,029 mm/s and time of the metal remain-
ing in a molten state of 2 and 5 min on the
molten bar face and in molten pool on the
cast ingot, respectively.

In the case of EBMR of Ti, regression
models were evaluated describing the con-
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centration decrease and material mass loss
during melting at various beam powers,
melting rates and refining times. Recom-
mendations  were given on the
minimization of different impurities or the
choice of optimal regime as a compromise
between the various requirements.

The experimental results were reviewed
of thermal studies of EBMR of refractory
and reactive metals. The role was shown
of adding molten metal in the molten pool
of the cast ingot and the molten pool shape
on the concentration distribution of
components of the refined material. A bet-
ter understanding of the thermal and mass
transport processes is the basis of
improving the quality of EBMR products.

1.3.2. During the year, the development
was continued of integrated information
media for simulation and control of the
processes of EBMR of metals and alloys.
The project is implemented by a joint team
from IE BAS and the Department of
Automation of the University of Chemical
Technology and Metallurgy. The GERAM
standard referent architecture and UML
diagrams for various real situations were
presented and discussed. In the cases of
EBMR of Ta, Ti and Hf, the data base of
the information media includes Kkinetic
coefficients and parameters of relative
weight for determination of diffusion or
mass transport due to molten metal mixing
with impurity components, its evaporation
from molten metal surface, and due to
chemical reactions.

The practical processing of refractory
metals and alloys by EBMR s
characterized by a considerable amount of
unknown data and parameters. It is known
that educated neuron nets can be used as a
universal approximation that is character-
ized by a low sensitivity to errors. On this
basis we proposed methodology for
development of neuron net models for
evaluation of EBMR processing quality.
The first models of this type were

developed; after education with experi-
mental data, these neuron models were
validated by independent experimental
data from the EBMR process studied. The
results were in good agreement.

The project was implemented with the
participation of students of the University
of Chemical Technology and Metallurgy
(six MS and four BS theses were de-
fended).

2. Studies of electron beam processes
2.1. Electron-beam welding

2.1.1. In two chapters of a monograph and
a review paper on the thermal processes
and quality improvement of electron beam
welding (EBW) we presented our conclu-
sion that the geometrical dimensions of the
weld during EBW cannot be predicted due
to the fact that the spatial and angular dis-
tributions of the beam power in the inter-
action zone are unknown and, therefore,
neglected. All known thermal models use
a distribution of the thermal source operat-
ing in the welding bath that is not based on
real data. As a minimum, it does not take
in account the distances between the elec-
tron gun and the welded work-pieces, as
well as the position of the beam focus in
relation to the sample surface.

The formulae and graphics developed
by us permit exact calculations of the weld
parameters at various regimes of EBW of
thin materials; we also discussed possible
applications of our computer models for
evaluation of the beam penetration depth.

Simulation and optimization of the
EBW process were achieved through the
use of regression models, or the introduc-
tion of desirability function in utilizing
neuron nets educated on the basis of pre-
liminarily obtained experimental data. Fur-
ther, we studied models for the weld di-
mensions average values and dispersion in
view of choosing EBW regimes with sta-
ble and reproducible results under mass
production conditions.
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The knowledge accumulated was thus
generalized on the computer simulation
and design of intense electron-beam-
systems and methods and devices for char-
acterization of intense electron beams
(beam profile measurement and beam
emittance evaluation).

2.1.2. The EBW process was studied of
materials having various physical and
chemical properties. The shape and quality
of EB welds of Al samples of thickness
exceeding 25 mm were studied from the
point of view of the active zone position
relative to the samples welded. It was
found that defects, such as pores, cracks
and non-uniformity of the weld root, de-
crease in the case of beam oscillations
with amplitude2 mm and frequency
1000 Hz. A model was proposed with the
purpose of investigating the heating and
cooling processes during surface modifica-
tion of steels by a scanning electron beam.
The results of the numerical experiments
demonstrated that the rates of these proc-
esses increase as the sample motion speed
(at constant beam power) and the beam
power (constant sample motion speed) are
raised. Therefore, the efficiency of carbon
steels hardening by a scanning electron
beam is higher in the case of raising the
sample motion speed.
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Patent Application 109133

ONGOING RESEARCH PROJECTS
Financed by the National Science Fund

1.

DO 02-200 New materials regenera-
tion through electron beam melting
and refining of refractory and reactive
metals and alloys in vacuum.

BIn-5 New materials regeneration
through electron beam melting and
refining of refractory metal wastes in
vacuum.

NTS 01-193 New materials, nano-
dimensional devices and electron con-
trol systems for/or created by beam
technologies.

F-1505/05 Electron beam welding of
metals with various properties.

VUI 307 Integrated information me-
dium for modeling and control of the
process of electron beam melting and
refining of metals.

COLLABORATIONS

EU, NATO and other international or-
ganizations projects

1.

Contract No MRTN-CT-2006-035735
Promoting and structuring a multidis-
ciplinary academic-industrial network
through the heteropolytype growth,
characterization and application of
3C-SiC on hexagonal substrates,
Dr. Gabriel Ferro, Coordinator, 2008 —
2010 Financed by the European

beam created by plasma emitter elec-
tron gun

Institute of High Current Electronics,
Russian Academy of Sciences, Sibe-
rian Branch.

LECTURE COURSES

1.

Electron and lon Technology

MS Program in Microelectronic Tech-
nology at the Faculty of Electronics
Engineering, Technical Univ. Sofia.
Applied Statistics (in English)

MS Program in Materials Science and
Engineering at the Univ. Chem.
Technol. and Metallurgy, Sofia, Bulgaria.
Industrial Management

MS Program in Quality Control and
Improvement at the Univ. Chem.
Technol. and Metallurgy, Sofia, Bulgaria.
Microfabrication and Applications of
Electron and lon beams in Metallurgy
Institute for Advanced Studies, Uni-
versity of Pavia, Italy.

LABORATORY VISITS

1.

G. Mladenov, K. Vutova

Joint work and lecturing at C-MET
and NFTDC, Hyderabad, India 20-28
March.

K. Vutova

Participation in POLYWHEEL 2010,
Dresden, Germany.

P. Petrov

Participation in 8" Int. Conf. Beam
Technology, 14-15 April, Hale, Germany.
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4. E. Koleva

Participation in the IEEE Conf. Intel-
ligent Systems, 7-9 May, London, UK.
E. Koleva

Participation in the 139™ Conf. Minerals,
Metals and Materials Society, 14-18
February. Seattle, USA.

E. Koleva

Participation in the 10" Int. Conf.
Material Modification by Charged
Particles Beams and the 16™ Int. Syp.
High Current Electronics, 19-24 Set.,
Tomsk, Russia.

Y. Georgiev

Science  Communication Workshop
28 July-1 August, Dubrovnik, Croatia.
M. Beshkova

Participation in the Int. Conf. E-MRS,
Strasburg, France, 7-11 June.

M. Beshkova

Participation in the School on Indus-
trial Applications of 3C-SiC, 18-20
November, Lion, France.

VISITS OF FOREIGN SCIENTISTS

1.

Prof. Dr.Sc. Viktor Burdovitchin

SO RAN, Tomsk, Russia, 27 June-
3 July.

Thomas Nel

Director, Walmer Investments, Cape
Town, South Africa, 24 November.
Steve Clement

Walmer Investments, Cape Town,
South Africa, 24 November.

Jean Moores

Walmer Investments, Cape Town,
South Africa, 24 November.

Prof. Viktor Spivak

Department of Electronics, Polytech-
nical University of Kiev, Ukraine,
14-18 December.

Assoc. Prof. A. Bogdan

Vice Director, Institute of Applied
Electronics, Polytechnical University
of Kiev, Ukraine, 14-18 December.
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LABORATORY

SUPERCONDUCTIVITY AND CRYOELECTRONICS

HEAD: Assoc. Prof. T. Nurgaliev, Dr.Sc.

TOTAL STAFF: 8

RESEARCH SCIENTISTS: 6
Assoc. Prof. E. S. Mateev, Ph.D.; Assoc. Prof. N. Donkov, Ph.D.;
B. S. Blagoev, Ph.D.; L. I. Neshkov; P. Georgiev; PI. Petkov.

RESEARCH ACTIVITIES

The laboratory’s activities in 2010 were
in line with the research field of the
Institute  of  Electronics,  namely,
“Nanoscience, New Materials and
Technologies” and corresponded to the
priorities of the National Scientific
Program for 2009-2013 “Nanoelectronics
and New Materials”. Objects of research
were  epitaxial ~ or  polycrystalline
submicron layers and heterostructures of
dielectrics Ta,Os, high temperature
superconductors  (HTS)  YBa,Cus0Oy
(YBCO) and ferromagnetic (FM)
manganites La;xSrxMnO; (LSMO).

1. Sandwich structures of
polycrystalline HTS and manganite
nanofilms  prepared on sapphire
substrates

Thin manganite films La;xSryMnOg3
and double-layer structures consisting of
high temperature superconducting
YBa,Cu30O; and ferromagnetic manganite
(YBCO/LSMO) thin films were prepared
on sapphire Al,O3 substrates and their
electrical characteristics were investigated.
The manganite films obtained were
polycrystalline and consisted of very small
(possibly of nanometer scale) grains.
These films were in ferromagnetic state at
room temperatures, although the magneto-
optic visualization technique did not allow
clear observation of the domain structure.
The resistance of these LSMO films

increased as the temperature 7' was
increased in the interval 50 K < 7< 170 K
(semiconductor-like behavior) and
decreased at 7 < 50 K and 7 >170 K (a
metal-like  behavior). An additional
YBa,Cu3O- layer deposited on the top of
the La;«SrxMnO; layer did not exhibit
superconductivity and led to a drastic
change of the temperature dependence of
the resistance. The high sensitivity of the
resistance of such polycrystalline films to
the changes of the temperature and the
external magnetic field makes these films
promising for application in sensor-like
elements.

2. Specific magnetic properties of
epitaxial LSMO  nanofilms and
YBCO/LSMO structures

The magnetic properties of LSMO
nanofilms and YBCO/LSMO double layer
structures, prepared in IE BAS, were
investigated in the temperature range from
10 K to 300 K; zero field cooling (ZFC)
and field cooling (FC) measurements of
the  magnetic moment were also
performed. The temperature dependence of
the magnetic moments of the samples were
characterized by peculiarities caused by
the ferromagnetic and superconducting
transitions (which occur at the Curie
temperature 7=Tcuie and at the critical
temperature 7=T¢c, respectively), and by
the magnetic irreversibility regime (which
occurs at 7=Tiy) in which the FC and ZFC
branches of the temperature dependence
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coincide. The magnetic moments of both
LSMO and YBCO/LSMO films assume
maximum values at temperatures around
T;. The discrepancy between the ZFC and
FC curves suggests the existence of a spin-
glass or spin-cluster-like behavior in the
LSMO system. The spin-glass state sets in
due to the competition between the
ferromagnetic double-exchange interaction
and the antiferromagnetic super exchange
interaction. The large difference in the
ZFC and FC curves and the sharp decrease
of the magnetic moment in the ZFC curve
of the FM film below T, are also
indicative of formation of
antiferromagnetic ordering.

3. Remagnetization kinetic of hybrid
YBCO/LSMO films at temperature
close to Tc

The remagnetization kinetics of hybrid
YBCO/LSMO films, prepared in IE BAS,
was investigated in a tangential magnetic
field at 7~85 K, i.e. a few K below T¢. The
study was performed by magneto-optic
visualization. Upon the application of an
in-plane magnetic field, the magnetization
direction at the sample edge becomes
inverse, which corresponds to the
nucleation of a domain wall at the edge.
As the field intensity increases, the band
with the flux of the same polarity as was
concentrated on the sample edge begins
widening and an inverse flux appears near
the edge. This band broadens to the sample
interior with the field rise, and after
reaching the maximum flux density, the
band is detached from the sample edge.
The inverse flux penetrates the sample
between this band and the sample edge.
Thus, the magnetization of a hybrid film
by an in-plane magnetic field causes the
penetration of an alternative perpendicular
flux into the heterostructure. Such
perpendicular magnetization disturbance
appears at a macroscopic distance ~ 300 pm,
which is thousands times larger than the
thickness of both the magnetic and the
superconducting layers. The situation

described of flux penetration is valid only
in the vicinity of 7 to T¢ with the pattern
becoming more complicated as the
temperature is reduced. We assume that
the screening of the stray fields of the
domain wall by the superconducting layer
causes a widening of the domain wall. We
further assume that the stray fields of the
domain wall disturb the induction in the
superconductor film and cause the
appearance of perpendicular induction in
the superconductor film, which moves
with the domain wall in the manganite.

4. Preliminary experiments on the
investigation of the current injection
process on Jc of YBCO films

Double layer structures of
YBCO/LSMO type were prepared for the
investigation of the DC current injection
process (from the FM LSMO or
superconducting YBCO electrodes into the
superconducting YBCO film) onto the
superconducting properties of the YBCO
film. A contactless method was shown to
be very useful for the investigation of the
process. The preliminary experiments
demonstrated the sensitivity of J¢ in the
YBCO film to the current injection,
especially when the current is injected
from the FM LSMO electrode.

5. Biocompatibility of thin films

The cell/biomaterial interaction process
and the direct cell adhesion to a biological
surface give rise to many important
phenomena that ensure the vital functions
of a living organism on different levels of
its organization. The material surface
properties, such as  composition,
roughness, topography, wettability, can
influence events at the material interface
and thus play a basic role in the processes
of biocompatibility. The results of our
investigations concern the contact angles
of different materials: 1) glass substrates,
where the contact angles of water were
found to be in the range 34-36°
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2) aluminum oxide Al,O; coated samples
demonstrated water contact angles 65-68°
and 3) Ta,Os coatings increase the contact
angles up to 61-66°. The surface free
energy calculated by means of the Owens-
Wendt-Rabel-Kaelble methods varies in
the range 57 - 60 mN/m for glass
substrates and 43 - 45 mN/m. For the
coated samples at various roughnesses, the
parameters are in the range 20 — 400 nm.

PUBLICATIONS

1. Blagoev B, Mateev E, Strbik V,
Nurgaliev T and Uspenskaya L S
2010 Magnetron  sputtering  of
polycrystalline LSMO/YBCO
structures on sapphire substrates
J. Phys.: Conf. Series 223 012015

2. Nurgaliev T, Mateev E, Blagoev B,
Miteva S, Neshkov L, Strbik V,
Uspenskaya L S, Benacka S, Chromik S
and Nedkov | 2010 YBCO and LSMO
nano-films and sandwiches prepared by
magnetron sputtering J. Phys.: Conf.
Series 234 012029

3. Mateev E, Blagoev B and Nurgaliev T
2010 Reversion of the magnetic field
by SC/FM bilayers in the vicinity of
the critical temperature J. Phys.:
Conf. Series 223 012028

4. Uspenskaya LS, Nurgaliev T and
Miteva S 2010 Finite size effects on
magnetic  flux  penetration into
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Conf. Series 234 012046
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2010 Biocompatibility of dielectric
Ta,Os coating in in vitro tests
J. Phys.: Conf. Series 223 012030
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Phys.: Conf. Series 223 012044
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Miteva S 2010  Temperature
dependence of magnetization reversal
of thin manganite film Acta Physica
Polonica A 117 207-09
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and Nurgaliev T 2010 Analysis of the
magneto-transport properties of a
superconducting/ferromagnetic
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thin films J. Alloys and Compounds
492 8-12

9. Georgieva V, Donkov N, Spasov D,

Jordanova | and Grechnikov A 2010
Mass sensitivity TiO,-based acoustic
sensor element J. Phys.: Conf. Series
223 012025

10. Vlakhov E, Nenkov K, Neshkov L,
Blagoev B, Mateev E and Nurgaliev T
2010 NdBaCo020s.x thin  films
characterization and their application
potential Proc. Workshop Nanosci. &
Nanotechnol. 10 211-14 Balabanova
E and Dragieva | eds. (“BPS” Ltd.,
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ONGOING RESEARCH PROJECTS
Financed by the National Science Fund

1. F1503/05 Characteristics and
application possibilities in spinotronics
of sandwiches of HTS and magnetic
oxides (2005-2010).

2. No. 109 Investigation of HF and MW
recharges supported by a surface
electromagnetic wave (2010-2011).

COLLABORATIONS

1. Nanofilms and heterostructures of
magnetic  manganites and high
temperature superconductors,
preparation, investigation of the
electric characteristics and magnetic
domain structure (2009-2011),
Institute of Solid State Physics,
Russian ~ Academy of  Sciences,
Chernogolovka, Russia.
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2. Preparation of Ta,Os layers for
medicine and biology (2008-2010),
Institute of Surface Engineering,
Ukrainian Academy of Sciences,
Ukraine.

CONFERENCES

1. Nurgaliev T, Mateev E, Blagoev B,

Neshkov L, Nedkov | and Uspenskaya L
Investigation of the current injection
on Jc of aHTS YBCO ring,

16™ Int. School on Condensed Matter
Phys. (ISCMP), August 29 — Sept 3
2010, Varna, Bulgaria.

2.

Safonov V A, Zykova A, Donkov N,
Smolik J, Rogovska R and Georgieva V
Surface parameters modifications at
nano scale for biomedical applications,
16™ Int. School on Condensed Matter
Physics (ISCMP), 29 Aug - 3 Sept
2010, Varna, Bulgaria.

LABORATORY VISITS

1.

Donkov N,
Institute of Surface Engineering,
Ukrainian Academy of Sciences,

Ukraine, Sept 15 — Sept 20, 2010.
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Laboratory Micro- and Nano-Photonics

LABORATORY
MICRO- AND NANO-PHOTONICS
HEAD: Corresponding Member of BAS, Prof. P. A. Atanasov, Dr.Sc.
TOTAL STAFF: 12

RESEARCH SCIENTISTS: 7
Assoc. Prof. N. N. Nedialkov, Ph.D.; Assoc. Prof. A. Og. Dikovska, Ph.D.;
M. E. Koleva, Ph.D.; N. E. Stankova Ph.D.; A. S. Nikolov, Ph.D.;
S. E. Imamova; E. L. Pavlov; Ro. G. Nikov; Ru. G. Nikov; I. G. Dimitrov; R. B. Rangelov.

RESEARCH ACTIVITES
1. Pulsed laser deposition of thin films
1.1. V-doped ZnO thin films

Vanadium doped ZnO thin films
(Zn1xVx0, where x=0.05 or x=0.13) were
grown on c-cut sapphire substrates using
pulsed laser deposition technique. Their
structure and magnetic properties were
examined in relation to the doping
concentration. All deposited films were
highly oriented along the c-axis and
exhibited ferromagnetic behavior with
Curie temperature up to 300 K. The crystal
structure was found to be better for layers
with lower vanadium concentration. The
films had a porous fine-grained
microstructure and a column-like character
as the V concentration was reduced. A
weak dependence of the magnetization on
the temperature was observed. The
saturation magnetization was found to be
strongly dependent on the crystal structure,
grain size and V-ion concentration.

1.2. Er3+, YH*: YVO, waveguides

Erbium, and erbium and ytterbium co-
doped YVO, waveguiding thin films were
deposited on amorphous SiO, substrates
by pulsed laser deposition (PLD) and
ultraviolet-assisted pulsed laser deposition
(UVPLD). The influence of the deposition
technique on the structure, morphology,
and optical properties of the films was
investigated. At lower dopant concentrations,

the films prepared by UVPLD showed
better crystallinity and optical properties.
All  the samples showed preferred
orientation of the (001) zone axes parallel
to the  substrate  surface.  The
polycrystalline samples showed difference
in the refractive indexes An (An=nte—ntm)
for the TE and TM polarizations.

1.3. Nanostructured optical waveguide

films of TiO, and WO3—,

Pulsed laser deposition was used to
fabricate nanostructured optical waveguide
films of TiO, and WOs3_ for gas-sensing
applications. High-quality mode spectra
consisting of well-defined bright mode
lines were observed in the samples with
smooth surface. The films' structural,
morphological and optical properties as
well as the chemical composition were
investigated by using x-ray diffraction,
scanning electron and atomic force
microscopy, UV-VIS-NIR, and m-line
and x-ray photoelectron spectroscopy,
respectively. The gas sensitivity was
investigated at room temperature using m-
line spectroscopy based on reversible
variations of the samples’ refractive index
upon gas exposure. A testing scheme was
proposed recording the bright m-line shift
as optical response.

2. Sensorics
A simple and effective sensor element

was fabricated consisting of a side-
polished single-mode fiber and a PLD



Annual Report IE 2010

33

ZnO planar waveguide. The sensor
element operation principle is based on a
distributed coupling between the fiber
mode and the corresponding mode of the
metal oxide planar waveguide. The change
of the spectral behavior of the as-obtained
channel-dropping filter under gas exposure
allows optical detection of the gas
molecules. The planar waveguide structure
is essential in achieving high sensitivity of
the sensor element. The difference
between the performance of porous and
nanostuctred ZnO waveguides is mainly
determined by the capability of absorbing
large amounts of gas on their surfaces. The
sensing properties of the element at room
temperature were studied experimentally
under exposure to ammonia. The
nanostructured waveguide demonstrated a
substantially higher sensitivity, which
allowed us to predict a low concentration
limit of 50 ppm for NHj3 in air.

3. Nanotechnologies
3.1. Nanostructuring and nanomodification

The possibility of nanomodification of
thin gold films by an excimer laser was
studied experimentally. Films  with
different  thicknesses and deposition
conditions were produced on SiO;
substrates by pulsed laser deposition.
Laser annealing of the thin films deposited
resulted in the films nanostructuring as
they decomposed into nanoparticles with
diameters in the range of few tens of
nanometers. The nanostructured surfaces
produced were covered by Rhodamine 6G
and tested as active substrates for surface
enhanced Raman spectroscopy (SERS).
The SERS enhancement factor was
estimated to be as high as 10’. The results
were explained on the basis of the
electromagnetic field properties in the
near-field zone of the nanostructured
surface and described by the finite
difference  time  domain  (FDTD)
simulation technique.

The properties were studied of the
electromagnetic field in the vicinity of a
monolayer nanoparticle array on a SiO;
substrate. The nanoparticle array was
produced by a simple experimental
procedure, whereby thin gold and silver
films were deposited on a substrate by
pulsed laser deposition and annealed by
nanosecond laser pulses. At certain
conditions, the laser annealing leads to a
homogeneous decomposition of the film
into nanoparticles with diameters in the
range of few tens of nanometers. Using
FDTD  simulations, the near-field
distribution in array structures taken from
SEM images were obtained. The
distribution showed the presence of “hot
spots”, where the near-field intensity is
enhanced by more than two orders of
magnitude compared to the incident one.
The existence of enhanced field intensity
is assumed to be the main reason for the
Raman scattering signal enhancement
obtained  experimentally using the
structures produced as active substrates.

3.2. Plasmonic nanopatterning of surfaces

A novel nanohole processing technique
was developed by using the results of the
3D FDTD simulation of the near-field
optical properties and the experimental
results on nanoholes processing. For the
purpose of patterning, the near-field
enhancement factors and surface intensity
distributions were studied for various
kinds of substrates: dielectrics,
semiconductors and  metals.  The
experimental results on nanohole ablation
validated the simulations. The field
enhancement factor becomes quite large
on semiconductor and metallic substrate
due to the large image charge effect,
whereas that on dielectric substrate is quite
small. The resonant wavelength for the
near-field  enhancement inside the
substrate is significantly shifted from that
of the particle in vacuum and strongly
depends on the optical constants of the
substrate due to the surface plasmon
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polaritons nature. The anomalous energy
flow, such as optical vortex and
bifurcation, was found to occur around the
strongly enhanced area inside the
substrate. As for the processing with
arrayed nanoparticles, the interparticle
distance is a crucial parameter due to the
near-field coupling effect between
particles, which governs the magnitude of
the field enhancement and the near-field
distribution on the substrate surface. This
nanohole processing technology was also
applied fo nanoablation of glass films
deposited on different substrates. The
processing  properties were strongly
dependent on the substrate materials under
the film, which points to a plasmonic
coupling effect between the particle and
substrate. Using Mie scattering theory,the
near-field properties were compared of the
gold particle and the dielectric particle on
the substrates.

Theoretical and experimental results
were obtained on the heating process and
near-field localization arising when gold
nanoparticles are irradiated by ultrashort
laser pulses. The system  under
consideration consisted of nanoparticles
with radii of 20, 40, or 100 nm in vacuum
or deposited on different substrates.
Substrate  materials  with  different
dielectric properties were used to sense
and visualize the nanoparticle heating and
the near electromagnetic field distribution.
The theoretical analysis was based on a
two-temperatures  heating model for
estimation of the nanoparticles
temperature, while the FDTD method was
applied to describe the near-field
distribution in the vicinity of the particles.
It was found that even at moderate laser
fluences, the particle temperature can
reach a value sufficient for bubble
formation in biological tissues. The
analysis of the near-field distribution
showed that when a particle is deposited
on the substrate surface, the dielectric
properties of the substrate define the
localization and enhancement of the near-
field intensity. The efficiency of this

process determines the contribution of the
particle heating or of the near-field
intensity enhancement to the surface
modification process. The localization of
the near-field intensity in the vicinity of
the contact point between the particle and
the substrate was proved experimentally
for metal and silicon substrates, where the
experimentally obtained surface
modifications are similar to the
theoretically predicted intensity
distribution.

3.3. Nanosecond laser heating of gold
NPs. Application to photo-thermal cancer
cell therapy

Theoretical and experimental studies
were carried out on the local heating and
near-field properties of gold nanoparticles
placed on a substrate. The system under
consideration consisted of single gold
nanoparticles with diameters of 80 and 200
nm deposited on a substrate and irradiated
by an ultrashort laser pulse at the
wavelength of 800 nm. The nanoparticle
heating was described by a two-
temperature heat model as the input optical
properties of the nanoparticles were
evaluated on the basis of Mie theory. The
properties of the local field enhancement
in the vicinity of the nanoparticles were
also discussed in terms of the FDTD
simulation  results.  The  near-field
properties and the effect of nanoparticle
heating predicted by the theory were
confirmed by experiments on substrate
modification mediated by gold
nanoparticles. In the case of a silicon
substrate, the nanoholes  produced
exhibited a clear dependence on the near-
field properties, while for a dielectric
substrate the particle heating was the main
mechanism for substrate modification. The
research conducted was aimed at applying
noble metal nanoparticles in photothermal
therapeutic treatment of living cells at the
optical transparency window (600-1300
nm) of biological tissues.
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Furthermore, theoretical and
experimental results were obtained on the
heating process of gold nanoparticles
irradiated by nanosecond laser pulses. Au
nanoparticles with diameters of 40 and 100
nm in water were considered. Based on the
Mie scattering theory, the optimal
conditions for absorption were estimated
for different wavelengths in the visible
spectrum. The absorption cross-sections
calculated were substituted in the 2D heat
diffusion equation, which describes the
heating process of the particle and the
surrounding medium. The dependence was
thus obtained of the maximal particles
temperature reached on the laser fluence
applied. The results indicate that even at
laser fluences that are an order of
magnitude lower than the typical threshold
for tissue  modification, the gold
nanoparticles are heated to temperatures
higher than the critical for water. Such
temperatures are sufficient to induce
permanent modification in a biological
object in a close vicinity of the particle.
The efficiency of this process was
estimated by performing in vitro
photothermal therapy of HelLa cancer
cells, mediated by Au nanoparticles with
diameters of 40 and 100 nm. The strongest
cytotoxic effect was observed in the case
of gold nanoparticles with diameter of 100
nm.
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COLLABORATIONS

1.

Femtosecond laser processing and
novel methods for nanofabrication,
Department of Electronics and
Electrical Engineering, Keio
University, Yokohama, Japan.

Pulsed laser deposition of thin oxide
films, Institute of Laser, Plasma and
Radiation Physics, Romanian
Academy of Sciences, Bucharest,
Romania.

Pulsed laser deposition of planar
waveguides, Institute of Physics,
Czech Academy of Sciences, Prague,
Czech Republic.

Laser nanostructuring: fundamentals
and applications, Institute of Fluid-
Flow Machines, Polish Academy of
Sciences, Gdansk, Poland.
Nanoparticles generation by
ultrashort laser ablation of metals and
dielectrics: theory and experiments,
Coherentia-INFM, Istituto Nazionale
per la Fisica della Materia; 80126
Napoli, Italy.

GUESTS

1.

Prof. Dr. M. Obara, Keio University,
Yokohama, Japan, 1  week,
participation in 18" Symposium
GCL&HPL 2010, 30" August — 3"
September, Sofia and IE-Keio GCOE
Nanophotonics Workshop,
September 3", 2010.

Prof. Dr. K. Miyazaki, Kyoto
University, Japan, 1 week, lecturing
at 16" Int. School on Quantum
Electronics, Nessebar, September 20-
24, 2010.

Mr. T. Miyanishi, Keio University,
Yokohama, Japan, 1  week,
participation in 18" Symposium
GCL&HPL 2010, 30™ August — 3"
September, Sofia and IE-Keio GCOE
Nanophotonics Workshop,
September 3", 2010.

Prof. Dr. M. Jelinek, Institute of
Physics, Czech  Academy of
Sciences, Prague, Czech Republic, 4
days, lecturing at 16™ Int. School on
Quantum  Electronics, Nessebar,
September 20-24, 2010.

10.

Prof. Dr. T. Saiki, Keio University,

Yokohama,  Japan, 2  days,
participation in IE-Keio GCOE
Nanophotonics Workshop,

September 3", 2010.
Dr. S. Takeda, Keio University,

Yokohama, Japan, 2  days,
participation in IE-Keio GCOE
Nanophotonics Workshop,

September 3", 2010.

Mr. G. Obara, Keio University,
Yokohama, Japan, participation in
18" Symposium GCL&HPL 2010,
30" August — 3" September, Sofia
and IE-Keio GCOE Nanophotonics
Workshop, September 3", 2010.

Mr. N. Tsumori, Keio University,

Yokohama, Japan, 2  days,
participation in IE-Keio GCOE
Nanophotonics Workshop,

September 3", 2010.

Ms. Anna Iwulska, Institute of Fluid-
Flow Machines, Polish Academy of
Sciences, Gdansk, Poland, 1 week,
September 2010.

Ms. Katarzina Grohovska, Institute
of Fluid-Flow Machines, Polish
Academy of Sciences, Gdansk,
Poland, 1 week, September 2010.

LABORATORY VISITS

1.

Prof. Dr.Sc. P. A. Atanasov, Institute

of Fluid-Flow Machines, Polish
Academy of Sciences, Gdansk,
Poland.

Assoc. Prof. Dr. N.N. Nedyalkov,
Institute of Fluid-Flow Machines,
Polish Academy of Sciences, Gdansk,
Poland.

Prof. Dr.Sc. P. A. Atanasov, Institute
of Physics, Czech Academy of
Sciences, Prague, Czech Republic.
Assoc. Prof. Dr. A.Og. Dikovska,
Institute of Physics, Czech Academy
of Sciences, Prague, Czech Republic.
Prof. Dr.Sc. P.A. Atanasov,
Coherentia-INFM, Istituto Nazionale
per la Fisica della Materia; 80126
Napoli, Italy.

Assoc. Prof. Dr. N.N. Nedyalkov,
Coherentia-INFM, Istituto Nazionale
per la Fisica della Materia; 80126
Napoli, Italy.
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LABORATORY
BIOPHOTONICS
HEAD: Assoc. Prof. L. Avramov, Dr. Sc.
TOTAL STAFF: 10
RESEARCH SCIENTISTS: 6

Prof. M.N. Nenchev, Dr.Sc.; E.G. Borisova, Ph.D.; A.T. Daskalova-Shivarova, Ph.D.; D.G. Slavov, Ph.D.;
A.l. Gisbrecht; I. Bliznakova; Al. Jeliazkova; D.S. Petkov; L. Petrov.

RESEARCH ACTIVITIES

In 2010, the traditional laboratory
research topics themes, were extended and
developed further and carried out in
relation to the work projects and contracts
in two main fields of quantum electronics
and photonics techniques, as follows:

1. Biophotonics: Laser medical and
biomedical research and development of
new diagnostic and therapeutic methods
and equipment.

2. Tunable lasers, optical and guantum
electronics devices for applications in
communication techniques, in biomedical
investigation and in the metrology and
ecology.

1. Biophotonics: Laser medical and
biomedical research and development of
new diagnostic and therapeutic methods
and equipment.

1.1. Qualitative optical evaluation of
cutaneous malignancies

The studies were a part of an initial
clinical trial in view of introducing a
spectroscopic diagnostic system for skin
cancer detection in the common practice of
the Dermatological Department of the
National Oncological Medical Center-
Sofia.

We investigated spectra obtained by
multiple wavelength excitation of the
endogenous fluorescence of benign and
malignant cutaneous lesions. Initially, the
lesions were classified visually by an
experienced dermatologist and
dermatoscopically using ABCD scoring
criteria. The second step was detection of
fluorescence from the lesion and the

surrounding normal skin using different
excitation wavelengths, namely 365 nm,
385 nm and 405 nm. Optical fibers were
used to deliver the light from LEDs and to
collect the fluorescence signals. The
spectra were recorded and stored using a
fiber-optic microspectrometer (USB4000,
Ocean Optics, Dunedin, FL, USA). A
personal computer was used to control the
system and store and display the data using
the specialized microspectrometer
software OOI Base ("Ocean Optics", Inc.,
Dunedin, FL, USA).

Histological examination was used as a
“gold” standard for determining the lesion
type; the final analysis of the spectroscopic
techniques feasibility was made by
comparison  with  this  histological
examination in all cases reported.

The specific features observed in the
non-melanoma lesions investigated were
as follows:

1) Basal cell carcinoma lesions exhibit
lower fluorescence signal intensity than
normal skin;

2) Squamous cell carcinoma lesions
exhibit higher fluorescence signal intensity
than normal skin;

3) Keratoacantoma lesions exhibit a
strong keratin fluorescence signal in the
green spectral region;

4) The fluorescing compounds are
collagen type I — at 400-405 nm; its cross-
links — at 460-490 nm; elastin — with
maxima at 400-420, 460 nm; elastin cross-
links — about 500 nm; NADH - at 440-470 nm;
keratin — at 430-460, and around 500-520 nm,
and flavins;

5) In several patients, red fluorescence,
related to  endogenous  porphyrins
accumulation in the lesions was also
observed in advanced stage BCC lesions;
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6) The influence of the hemoglobin and
melanin pigments is well pronounced in
the in vivo fluorescence spectra obtained
as seen in the relative decrease of the
short-wavelength  vs.  long-wavelength
intensity, as well as in the appearance of
minima at 420, 543 and 575 nm.

The obstacles to the development of a
fluorescence diagnostic system for skin
cancer detection are related to the great
variety of benign and malignant forms of
skin pathologies, e.g., basal cell carcinoma
lesions have more than 15 sub-types,
squamous cell carcinoma lesions have
about 10 different subtypes, while all of
them have a large variety of benign and
dysplastic forms; moreover, they are
different, including in their fluorescence
properties, at the different stages on the
lesion growth. An advantage here is the
fact that one could use LIAFS for
evaluation of the lesion stage, the
drawback being that one needs to compare
the specific situation with a great variety
of other possibilities, such as lesion kind,
stage of growth, and even patient skin
general conditions, such as influence of
medicines, ages, cutaneous phototype, etc.
The present study gives a more complete
idea  about  fluorescence  features
dependence on the anatomy and phototype
of the person investigated. The differences
in the fluorescence spectra observed are
included in the evaluation algorithms for
skin lesions determination, as they could
introduce significant ambiguities in the
results when clinical diagnosis of a lesion
must be made. Initial data about major
spectral features and peculiarities of non-
melanoma skin tumours were also
obtained and their origins  were
commented on.

So far, spectra and dermatoscopic
evaluations have been obtained from more
than 250 patients. Spectral properties of
variety of benign cutaneous lesions were
also evaluated in view of developing more
precise discrimination algorithms for
diagnosis of cancer lesions. The origins of
diagnostically significant spectral features
were evaluated and differentiation
schemes were developed and are being
examined. A clinical trial in the National

Oncological Medical Center is under way.
By broadening the database of
fluorescence spectra of major skin benign
and malignant pathologies, we expect to
develop an objective tool for detection and
evaluation of skin lesion type.

1.2. Surface foaming of thin collagen films
Tissue engineering requires the use of a
temporary porous matrix in order to guide
the regeneration of the tissue to the desired
three-dimensional shape. The surface
properties of biomaterials play an
important role in biomedicine as the
majority of biological reactions occur on
the surface of the implanted material.
Collagen possesses the major advantages
of being biodegradable, biocompatible,
easily available and highly versatile. It has
been assumed that the artificially created
porous collagen known as scaffolds may
be seeded with cells and encouraged to
develop into the desired tissue. The cell’s
shape, size and growth orientation depends
on the environment. Ultra-short laser
irradiation of thin collagen films leads to
the development of a foamy layer with
fibrous structure. The foam created
simulates the natural environment of the
fibrillar network of the extracellular matrix
and permits the adhesion and growth of
cells for fabrication of tissue scaffolds.

The laser-induced  structuring  of
collagen easily yields an expanded micro
foam material with interconnected pores
and properties that mimic the native
collagen-based extracellular matrix. The
structured matrix obtained is formed via a
cavitation and bubble growth mechanism.
We studied the surface properties of
collagen thin films before and after
Ti-sapphire laser irradia tion at 800 nm
using a field emission scanning electron
microscope (FESEM). The FESEM
analysis showed that a single pulse of
ultra-short laser radiation is capable of
inducing morphological changes in the
collagen films irradiated. The size of the
features observed can be controlled by
selecting the laser fluence and number of
pulses. We expect to be able to control the
influence the mechanical, physical and
chemical properties of scaffolds by
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tailoring the biomaterial nanostructure. We
developed and explored collagen-based
biomaterials for the purposes of tissue
engineering. The biomaterials are expected
to function as cell scaffolds to replace
native collagen. The ultra-short laser
ablation  induced nano-foaming  of
biomaterials will improve the currently
available techniques. Artificial collagen
nano-fibers are increasingly significant in
numerous tissue engineering applications
and seem to be ideal scaffolds for cell
growth and proliferation.

1.3. Morphology of ultrashort laser pulses
generated ablation craters: AFM and
ESEM evaluation

Different approaches to the painless,
fast and localized laser treatment of dental
hard tissue have been the object of
continuing research. Studies of the surface
topography evolution in dentin processed
by femtosecond lasers have revealed
surface effects, such as sealing of dentinal
tubules, microdrilling of human enamel
and dentin (for caries therapy) and
microroughening, within a wide laser
fluence interval (0.5-10J/cm? and
number of pulses (N) ranging from 100 -
5000, leading to enhanced structuring
quality in comparison with CW and ns
lasers.

We evaluated the surface morphology
and structure of dentin after ablation by
ultra-short pulses using environmental
scanning electron microscopy (ESEM) and
atomic force microscopy (AFM). The
dentin  specimens  examined  were
irradiated by a chirped-pulse-amplification
(CPA) Ti: Sapphire laser (800 nm) and the
optimal conditions for producing various
nanostructures were determined. Based on
the ESEM results, it was possible to
identify an energy density range as the
ablation threshold for dentin. The laser-
induced damage was characterized over
the fluence range 1.3-2.1J/cm? The
results demonstrated that by selecting
suitable parameters one can obtain
efficient dentin  surface  preparation
without evidence of thermal damage, i.e.,
with minimized heat affected zones and
reduced collateral damage, the latter being

normally characterized by formation of
microcracks, grain growth and
recrystallization in the heat affected zones
. The formation of a surface nano-layer as
revealed by AFM observations indicates
that in the sub-ablative energy range
(F =155 J/cm?), chemical or structural
changes can be induced which could
improve the dentin resistance and strength.
As our study demonstrated, AFM is a
technique suitable for examining the
irradiated dentin morphology. Our latest
results on the application of femtosecond
laser processing of dental hard tissue are
evidence of the great potential of
introducing this technology to the medical
practice.

1.4. A dual interpretation of experimental
data concerning the propagation of laser
light through tissue-like turbid media

We developed and optimized a system
for optical mammography. The light
source consisted of a laser diode emitting a
nearly collimated optical beam of about
1 mm radius and 27 mW light power at the
wavelength of 850 nm. The tissue-like
turbid media of different optical properties
were prepared by diluting different
amounts of 20% Intralipid (IL) emulsion
by water. A 12x12x22 cm plexiglass box
was filled consecutively with the different
mixtures obtained. The axis of the incident
laser beam was perpendicular to the
“frontal” 12x12 cm wall of the container.
The light power forward propagating
inside the container was measured by
using an optical fiber of 0.1 mm core
diameter introduced into the turbid
medium. The fiber was connected to an
optical radiometer (Laser Precision Corp.,
USA); a 14-bit ADC and a computer were
used for appropriate data processing.

By means of a transversal radial scan
by the fiber at each stepwise-varied depth
of interest, we obtained a set of data
(distribution of the received light power)
for each of the turbid media prepared. The
scanning procedure in three mutually
perpendicular (x, y, and z) directions was
implemented by using three long travel
stages Thorlabs LTS 300/M ensuring a
minimum sampling step of 4um.
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The results obtained show that in
general the small-angle approximation
could adequately describe the laser-beam
propagation through the turbid media
considered. The analytical expressions
obtained for the lateral and on-axis
distributions of the forward-propagating
light power detected allow one in principle
to estimate, on the basis of the
experimental data, the values of the
extinction (o), reduced-scattering (o) and
absorption (0,) coefficients and the g-
factor. We showed that at relatively low
turbidity the values of a; depend linearly
on the diluted IL amount. At relatively
high turbidity the values of o change
nonlinearly with the IL amount, passing
through a maximum around 30 ml. Such a
behavior correlates with that of g and gne
having a minimum around 15ml IL
content.

We also showed analytically that, in
agreement with the results of the
simulations and experiments performed
previously, in the case of Henyey-
Greenstein indicatrix the light beam
propagating through a medium is narrower
and with higher on-axis light intensity
compared to the case of Gaussian
indicatrix at equal g factors. When the
light beam is the same, in the former case
the value of g is smaller and that of o is
larger in comparison with the latter case.

A further improvement of the
estimation accuracy is achievable when
using a well-defined Gaussian laser beam
and receiving directional diagram of the
fiber. One should also investigate the
influence of the wvessel size on the
experimental results. Thus, conditions may
be found close to those of a semi-infinite
turbid medium.

The investigations performed are
important for the development of methods
for measuring the optical characteristics of
turbid media, such as tissues and
experimental tissue-like phantoms. They
would also be especially useful in the
process of establishing the mechanisms
governing the radiative transfer inside
optically investigated biological objects.

1.5. Fluorescence  detection  and
photodynamic inactivation of pathogenic
microorganisms

The studies were performed under
project DO-02-112/2008 “National Center
on Biomedical Photonics” jointly with
scientists of the Institute of Organic
Chemistry, BAS, and the Institute of
Microbiology, BAS.

Photodiagnosis (PD) and photodynamic
therapy (PDT) are innovative light-drug
initiated treatment based on a photoactive
compound irradiated by proper light — in
the first case to fluoresce and be detected,
and in second, to produce oxygen species
that are toxic to biological objects, such as
bacteria, viruses, tumor cells. The
photodynamic treatment, which seems to
be an alternative modality for therapy of
infections, especially such caused by
antibiotic resistant microorganisms, has
been developed in the last several years,
and is known as photodynamic
inactivation (PDI).

The photodynamic therapy is very
appropriate in the cases of local treatment;
it does not develop microbial resistance to
the photosensitizers. We proposed a solid
material containing photodynamic
sensitizers embedded into polypropylene
granules, which could be used as a
multiple photocatalyst in inactivation of
pathogenic cells. The new particles are
based on photodynamically active metal
phthalocyanines or fullerene C60, both
immobilized on polypropylene granules.
The particles were characterized using
absorption and fluorescence spectroscopy.
The penetration depth of the sensitizers
into the granules was imaged by a confocal
fluorescence study. A single polymer
particle with diameter ~ 0.5 mm shows a
penetration depth in the range 30 — 40 ym
in dependence on the type of immobilized
photosensitizer (phthalocyanine or
fullerene). The time-correlated photo-
stability of the new materials was
evaluated after a number of irradiations by
LEDs at 635 nm with a therapeutic dose of
50 Jcm™ and a constant fluence of 60
mW cm™. The photodynamic effect on
pathogenic bacteria strain S. aureus
(MRSA) and fungi (C. albicans) in
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planktonic phase suggested that the
proposed material based on
photodynamically active phthalocyanine
and fullerene C60 has a potential for
multiple applications in antimicrobial
PDT. Based on the fluorescence data
analysis, we could compare the relative
effectiveness of the different
phthalocyanine compounds synthesized
and optimize the irradiation regime of PDI
treatment  for  different  pathogenic
microorganisms.

1.6. Optical method for tissue hypoxia
detection

We developed a noninvasive optical
method for diagnosis of local tissue
hypoxia. An original optical model was
developed of the laser-tissue interaction,
together with an algorithm for calculating
the optical field inside the tissue.
Developing noninvasive techniques of the
venous blood saturation remains a problem
in controlling the efficiency of oxygen
consumption and cell metabolism. One of
the compensatory mechanisms of tissue
hypoxia elimination is an additional
extraction of oxygen from arterial blood
that directly leads to the reduction of the
amount of oxygen in venous blood.

We considered two techniques of
measuring the venous blood saturation.
The first one is based on artificial
mechanical modulation of tissue volume.
By measuring signals from the artificially
modulated tissue volume, one can directly
calculate the value of venous blood
oxygen saturation by entering the data
obtained into standard software for
calculation of arterial blood oxygen
saturation. The second technique is based
on the human breezing respiratory rhythm.
The oscillation components of
photoplethysmograms with the breeze
frequency represent preferably the venous
component. Photoplethysmograms were
registered  experimentally at  two
wavelengths in the red and near infrared
ranges during 10-15 cycles of breeze
rhythm with frequency of 400 Hz. We
found a good agreement between the
results obtained by the two techniques.

Further, we developed a highly
sensitive multichannel pulse oxymeter -
spectrophotometer for control of the local
tissue oxygen saturation. By applying an
original method of data processing, the
measurements accuracy was increased by a
factor of 3 — 4 are in comparison with
similar systems.

2. Tunable lasers, optical and quantum
electronics devices for applications in
communication techniques, in
biomedical investigation and in
metrology and ecology

We used original approaches to the
development of a novel device and a
technique for controlling laser spectra. The
main results concern the implementation
of an original wavelength division
multiplexing device (WDM), a simple and
compact system for division and
superimposition of optical
communications  channels  with  the
essential advantage of independent tuning
of each output/input. Having developed
the theory behind the basic component of
the WDM device, namely, an interference
wedged structure, we implemented a
laboratory optical communication
multichannel system. A new technique for
producing diode laser light that is
spectrally fixed at an atomic absorption
line was also developed both theoretically
and experimentally. Besides widening the
knowledge in the fields of quantum
electronics and optics, are studies form the
basis for practical implementation a new
and effective devices for the optical
communications and quantum electronics.

PUBLICATIONS

Publications in scientific journals and
proceedings

1. Borisova E, Pavelescu G, Daskalova A,
Cristescu L and Carstea EM 2010
Fluorescence evaluation of
anthropogenic influence on rivers
crossing Sofia Rom. Rep. Phys. 62/1
193-201 ISSN 1221-1451 43 822
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10.

Pavlova P, Borisova E, Avramov L,
Petkova E and Troyanova P 2010
Investigation of relations between
skin cancer lesions images and their
fluorescent spectra Laser Physics 20
596-603 ISSN print: 1054-660X
Carstea E M, Ghervase L, Pavelescu G,
Savastru D, Forsea AM and
Borisova E 2010 Combined
optical techniques for skin lesion
diagnosis  Short Communication
OAM-RC 4/12 1960-1963 ISSN:
Print: 1842-6573

Bliznakova I, Gurdev L, Dreischuh T,
Vankov O, Stoyanov D and Avramov L
2010 A dual interpretation of
experimental data concerning the
propagation of laser light through
tissue-like turbid media Proc. SPIE
7747-774710

Gozzini S, Marmugi L, Slavov D,
Lucchesini A and Cartaleva S 2010

Coherent population trapping
resonances in  potassium  with
amplitude-modulated  light Proc.

SPIE 7747

Cartaleva S, Sargsyan A, Sarkisyan D,
Slavov D and Vaseva K 2010 New
narrow resonance in the fluorescence
of closed optical transition observed
in  nanometric  cs-vapor layers
Proc. SPIE 7747

Mitra S, Hossain M M, Ray B, Ghosh
PN, Cartaleva S and Slavov D 2010
Coherent laser spectroscopy of
rubidium atoms Proc. SPIE 7747
Cartaleva S, Krasteva A, Slavov D
and Vitanov N 2010 Comparison of
bright resonances in micrometer and
centimeter cells filled with Cs vapor
Proc. SPIE 7747

Cartaleva S, Sargsyan A, Sarkisyan D
and Slavov D 2010
Electromagnetically induced
transparency and Dicke narrowing
resonances in nanometric Cs-vapor
layers Proc. SPIE 7747

Cartaleva S, Gosh P, Mitra S, Ray B
and Slavov D 2010 Comparison of
dark resonances for Cs vapor
contained in optical cells of different
thicknesses Proc. SPIE 7747

11.

12.

13.

14.

15.

16.

Vaseva K, Slavov D, Todorov P,
Taslakov S, Saltiel S and Cartaleva S
2010 Miniaturization of frequency
reference based on micrometric
vapor layer fluorescence spectrum
Proc. SPIE 7747

Biancalana V, Cartaleva S, Dancheva Y,
Gosh P, Mariotti E, Mitra S, Moi L,
Ray B, Sargsyan A, Sarkisyan D and
Slavov D 2010 Coupling-probe laser
spectra of Cs D2 line: dependence on
optical cell thickness Proc. SPIE 7747
Mindizov M, Pashova V, Deneva M,
Stoykova E and Nenchev M 2010
New devices for applications in
lasers and optical communications
based on wedged interference
structures Proc. SPIE 7747
Daskalova A, Bashir S and Husinsky W
2010 Morphology of ablation craters
generated by ultra-short laser pulses
in dentin surfaces: AFM and ESEM
evaluation Appl. Surface Sci. 257/3
1119-1124

Stoykova E and Nenchev M 2010
Gaussian beam interaction with an
air-gap Fizeau interferential wedge
J. Opt. Soc. Am. A 27 58-68

Deneva M, Stoykova E Nenchev M,
Barbe R and Keller J-C 2010 Diode
laser light spectrally fixed at an
atomic absorption line Optics and
Laser Technol. 42 301-307

Sci. publications in conf. and congress

proc.
1.

and in thematic proc.

Borisova E, Avramov L, Pavlova P,
Pavlova E and Troyanova P 2010
Qualitative optical evaluation of
malignancies related to cutaneous
phototype Proc. SPIE Dynamics and
Fluctuations in Biomedical Photonics
VIl 75630X

Mamilov S A, Esman S S, Misyura A,
Asimov MM and Gizbrekht Al
2010 Separation of respiratory
rhythms for invasive measurements

of the wvenous blood oxygen
saturation Proc. Medical
Bioinformatics and  Cybernetics

Conf. pp 235-23 Kiev Ukraine ISBN
966-642-161-5 (In Russian)
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Asimov M, Esman S, Gizbrekht A,
Mamilov S and Rubinov A 2010
Laser photodissociation of
hemoglobin complexes Proc. 7™ Int.
Conf. Quantum Electronics pp 199-
200 Minsk Belarus ISBN 978-985-
476-864-9 (In Russian)

Veligotskyi D, Esman S, Mamilov S,
Asimov M and Gizbrekht A 2010
Methof of improving the non-
invasive diagnostics of
carboxyhemoglobin in the blood flow
Proc. 11™ Int. Conf. Appl. Biophysics
UDK 57.08; 62-5; 619:577 Kiev
Ukraine (In Russian)

Esman S, Mamilov S, Asimov M,
Gizbrekht A and Trushina A 2010
Laser-induced photodissociation of
hemoglobin complexes Proc. 11" Int.
Conf. Appl. Biophysics Kiev Ukraine
UDK 57.08; 62-5; 619:577 (In
Russian)

Mamilov SA, Esman S S, Asimov MM
and Gizbrekht A 1 2010 Non-invasive
measurement of venous blood
oxygation saturation Proc. 3"
Eurasian Congress on Medical Phys.
and Engin. pp. 50-53 Moscow Russia

Scientific books published abroad

1.

Dreischuh T, Slavov D (Editors)
2010 16™ Int. School on Quantum
Electronics: Laser Phys. and Appl.,
Proc. SPIE 7747

CONFERENCES

1.

Al. Daskalova, 7" Int. Conf. Photo-
excited  Processes and  Appl.
Copenhagen, Denmark, Aug. 2010.
L. Avramov, D. Slavov, A. Daskalova,
E. Borisova, 1. Bliznakova, Al.
Jeliazkova, L. Petrov, (15 posters) 16"
Int. School on Quantum Electronics
Laser Phys. and Appl., Nessebar,
Bulgaria, Sept. 2010.

E. Borisova, |. Bliznakova, Adv.
Laser Technol., (one invited lecture,
one poster) Edmond an Zee, The
Netherlands, Sept. 2010.

Al. Jeliazkova, European School of
Medical Phys., France, Oct. 2010.

E. Borisova, (1 invited lecture, 2 posters)
Int. School for Young Scientists on
Optics, Laser Phys. and Biophys.,
Moscow-Saratov, Russia, Oct. 2010.

ONGOING RESEARCH PROJECTS

Financed by the National Science Fund

1.

Contract No. V-UL-01/05 Optical
biopsy of dysplasia and tumours in
upper part of gastrointestinal tract.
Contract No. BR-14/07 Optimization
of photodetection and photodynamic
inactivation of microbial pollution.
Contract No. BIN-04/07 Inactivation
of pathogenic bacteria of periodontal
diseases — fluorescence diagnostics
and photodynamic therapy.

Contract  No. D0-02-112/2008
National Center on Biomedical
Photonics.

Contract No. DO0-02-58/2008
Development of infrastructure for
neutron therapy in Bulgaria.

Financed by the European Social Fund

1.

Contract Ne  BG051P0001.3.3.04/56/2009
Development of interdisciplinary
thinking and training of young
scientists working in the field of
light-matter interactions, 2009-2011.

Financed by ministries, departments, and
companies

1.

Agreement between Institute of
Electronics and Institute of Organic
Chemistry  with Center  for
Phytochemistry,

Application of biologically-active
compounds for improvement of
tumor tissues’ fluorescent abilities.
Agreement between Institute of
Electronics and Institute of Nuclear
Research, Dubna, Russian
Federation, Radiation and
radiobiological investigations in the
irradiation fields of Joint Institute of
Nuclear Research Facilities and from
environment.
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COLLABORATIONS

Under the National Center on Biomedical
Photonics Project

1.

B ow

©®©

10.

11.

12.

13.

14.

15.

16.

17.

Center for Optical Diagnostics and
Therapy, Erasmus Medical Center,
Rotterdam, the Netherlands.

School of Pharmacy & Biomolecular
Sciences, University of Brighton, UK.
University of loannina, Greece.
Institute of General Physics, Vienna
University of Technology, Austria.
Optics and Biomedical Physics
Department,  Research-Educational
Institute of Optics&Biophotonics,
Saratov State University, Russia.
Department of Electrical Engineering
and  Electronics  University  of
Liverpool, Liverpool, UK.

Frederick University, Department of
Mechanical Engineering, Cyprus.
University of Siena, Italy.

Organic and Natural Products
Chemistry Group, Chemistry
Department, University of Aveiro,
Portugal.

Institute of Organic and
Macromolecular Chemistry,
University of Bremen, Germany.
Biophotonics Laboratory & Head
Atmospheric  Sciences  Division,
Centre for Earth Science Studies,
India.

Biophysics and PDT group, Institute
for Cancer Research, Norwegian
Radium Hospital, Norway.
A.M. Prokhorov General
Institute,  Russian
Sciences, Moscow.
School of Science and Technology,
University of Sussex, UK.

Physics
Academy of

Physics Department, National
Technical University of Athens,
Greece.

Department of Constructive and

Technological Engineering, National
Institute of Research and
Development for Optoelectronics —
INOE - 2000, Romania.

National Institute of Research and
Development for Optoelectronics —
INOE - 2000, Romania.

Other collaborations

Coherent population trapping effect
in potassium, CNR, Pisa, Italy.
Atomic vapors in metamaterials,
University of Leuven, Belgium.

High resolution spectroscopy in
quantum optics and metrology,
Institute of Physics, Belgrade, Serbia.
HCl-induced ToF-SIMS studies of
hard dental tissues, P09073A, France
Study of mechanisms of ultra-short
laser ablation and desorption of
biomolecules, ITSLEIF-Y Transnational
Access Program of the EU.
Development of new methods for
laser diagnostics and therapy of
dermatological and  oncological
diseases, Institute of  Physics,
National Academy of Sciences of
Belarus, Minsk, Belarus.

LECTURE COURSES

1.

Prof. M. Nenchev,

Quantum  Electronics, Technical
University of Sofia, Plovdiv Branch.
Prof. M. Nenchev,
Physics, Technical
Sofia, Plovdiv Branch.

University of

SCIENTIFIC EVENTS

1.

16™ Int. School on Quantum
Electronics Laser Phys. and Appl.,
Bourgas, Bulgaria, Sept. 2010.
D. Slavov, Chair, A. Daskalova, Vice
Chair, 1. Bliznakova, Secretary,
L. Petrov, Member Org. Comm.

14™ Winter Seminar for Young
Scientists in the field of Phys.,
Bulgaria, Dec. 2010. E. Borisova,
Sci. Secretary Org. Comm.

LABORATORY VISITS

1.

L. Avramov,

Joint research under project Blin-
04/07, Trivandrum, India, June 2010.
A. Daskalova, I. Bliznakova,

Joint research under project ITSLEIF
Transnational Access Program of the
EU Study of mechanisms of ultra-
short laser ablation and desorption of
biomolecules.
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LABORATORY

LASER SYSTEMS

HEAD: Assoc. Prof. S. Gateva, Ph.D.

TOTAL STAFF: 12
RESEARCH SCIENTISTS: 12
Assoc. Prof. S. Cartaleva, Ph.D.; Assoc. Prof. E. Alipieva, Ph.D.;
Ch. Andreeva, Ph.D.; T. Karaulanov, Ph.D.; E. Taskova, Ph.D.; P. Todorov, Ph.D.;
0. Vankov; K. Vaseva; N. Petrov; V. Sarova; A. Krusteva.

RESEARCH ACTIVITIES

The optical sensors applications strongly
depend on their size which explains the
growing interest in their miniaturization in
recent years.

In 2010 in collaboration with
Armenian and Indian colleagues, the
spectra of absorption, fluorescence and
electromagnetically induced transparency
(EIT) and absorption (EIA) of alkali
atomic vapor layers with thickness L
varying from 850 nm to 700 um were
studied both theoretically and
experimentally. The results were compared
with those for centimeter-size atomic
vapor layers. For this purpose, an
experimental setup for bichromatic
coherent spectroscopy was built in the
Institute of Electronics. It was based on
two tunable diode lasers allowing
spectroscopic studies by means of an
(intensive) pump and a (weak) probe
beams. EIT resonances were obtained in
Cs vapor layers with L=15A
(A=852nm) and L=700um. The
comparison with the resonances observed
in a cell with L =2.5cm showed that the
strong reduction of the cell width does not
result in a significant broadening of the
EIT resonance despite the dramatic
increase of the atom-wall interaction, the
latter causing coherency losses. Moreover,
the resonances in thin cells are less
sensitive to the magnetic field gradients

that broaden the resonances. In Cs vapor
layers of thickness L = 61 and L = 700 um,
a sign reversal of the EIT resonance was
observed as the atomic concentration and
the laser intensity were increased; this was
not observed in the cm-size cell. The effect
was modeled theoretically to evaluate the
impact of the cell walls on the polarization
of the excited level of the Cs atoms. We
assume that the depolarization of the
excited atomic state is the reason for the
appearance of a narrow resonance in the
fluorescence of the Cs atoms on a closed
optical transition.

The shape and width of the resonances
were investigated in different paraffin-
coated Rb vapor cells in view of
understanding the processes influencing
the shape of the resonances, which would
allow us to design and build a miniature
sensitive detector. Narrow resonances on
three hyperfine transitions of the D; ®'Rb
line were registered. A bright structure in
the resonance shapes at low laser powers
was also observed.

In collaboration with the Institute of
Physics, Polish Academy of Sciences, the
Autler-Townes splitting of cold Rb atom
resonances in a pump-probe cascade and
EIT A-scheme were investigated. A
theoretical model was developed for
interpretation of the experimental spectra.
A method was proposed for determining
the effective Rabi frequency in the trap.

The results obtained during 2010
provide new knowledge in the field of
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spectroscopy of micro/nano  objects.
Further on, these results will be used for
miniaturization of optical sensors for
measurements of weak magnetic fields.

PUBLICATIONS

1. Mitra S, Hossain M M, Ray B,
Ghosh P N, Cartaleva S and Slavov D
2010 On line shape of
electromagnetically induced transparency
in a multilevel system Opt. Commun. 283
1500-1509 ISSN 0030-4018

2. Slavov D, Cartaleva S, Sarkisyan D,
Ghosh P, Ray B and Mitra S 2010
Rubidium vapor cell miniaturization
- influence on the optical pumping
process Indian J. Phys. 84/8 1083-
1093 ISSN 0019-5480

3. Slavov D G, Cartaleva S, Sarkisyan D,
Zubov P and Gosh P 2009 Rubidium
vapor cell miniaturization and its
influence on the optical pumping
process Bulletin Higher Schools -
Physics 52 12/3 315-320 /printed
2010/ ISSN 0021-3411 (In Russian)

4. Gateva S, Gurdev L, Alipieva E,
Taskova E and Todorov G 2010
Narrow structure in the coherent
population trapping resonances in
rubidium and Rayleigh scattering
arXiv: 10082033

PATENTS

1. Biancalana V, Dancheva Y, Mariotti E,
Moi L, Cartaleva S and Andreeva Ch
Method and device for measurement
of magnetic induction European
Patent No EP1570282  Priority
03122002 registered Republic of
Bulgaria No  107350/03122008,
validated in EU 2009

2. Stoyanov D, Gurdev G, Dreischuh T,
Vankov O and Protochristov Ch
Radar on single spontaneously emitted
gamma-photons Reg. Ne 65770
B1/2009

3. Stoyanov D, Gurdev G, Dreischuh T,
Vankov O, Avramov L and Borissova E

Optical multichannel transceiving
system Reg Ne 65769 B1/2009
Stoyanov D, Dreischuh T, Gurdev L,
Vankov O, Avramov L, Borisova E
and Bliznakova | Method for
determining optical and spatial
characteristics of an inclusion in a
turbid  medium using  multiple
scattering optical tomography
European  patent application -
EP2153772A1 published on
17.02.2010 — EP Bulletin [2010/07]
Stoyanov D, Dreischuh T, Gurdev L,
Vankov O, Avramov L, Borisova E,
Bliznakova | and Koch V Apparatus
for determining optical and spatial
characteristics of an inclusion in a
turbid medium using  multiple-
scattering optical tomography
European patent application
EP2165647A1, published on
24.03.2010 — EP Bulletin [2010/12]

CONFERENCES

1.

Cartaleva S, Gosh P, Mitra S, Petrov N,
Ray B, Sarkisyan D, Slavov D and
Zubov P Coherent population
trapping resonances in a micrometric
cell filled with Cs vapor 13" Int.
School-Seminar on Luminescence
and Laser Physics July 26-31 2010,
Huzhir, Russia.

Cartaleva S, Sargsyan A, Sarkisyan D,
Slavov. D and  Zubov P
Electromagnetically induced
transparency resonances in
nanometric-thickness Cs-vapor layers
10™ Int. Sci. Conf. on Solid-state
Chem. Nanomater. and Nanotechnol.
October 17-22 2010 Stavropol
Russia.

Vaseva K, Slavov D, Todorov P,
Taslakov M, and Cartaleva S
Miniaturization of a frequency
reference based on a micrometric
vapor layer fluorescence spectrum
16™ Int. School on Quantum Electr.:
Laser Phys. and Appl. Sept. 20-24
2010 Nessebar Bulgaria.
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10.

Gozzini S, Marmugi L, Slavov D,
Lucchesini A and Cartaleva S
Coherent population trapping
resonances in  potassium  with
amplitude-modulated light 16™ Int.
School on Quantum Electr.: Laser
Phys. and Appl. Sept. 20-24 2010
Nessebar Bulgaria.

Cartaleva S, Gosh P, Mitra S, Ray B
and Slavov D Comparison of dark
resonances for Cs vapor contained in
optical cells of different thicknesses
16" Int. School on Quantum Electr.:
Laser Phys. and Appl. Sept. 20-24
2010 Nessebar Bulgaria.

Cartaleva S, Sargsyan A, Sarkisyan D,
Slavov D and Vaseva K New narrow
resonance in the fluorescence of
closed optical transitions observed in
nanometric Cs-vapor layers 16™ Int.
School on Quantum Electr.: Laser
Phys. and Appl. Sept. 20-24 2010
Nessebar Bulgaria.

Cartaleva S, Sargsyan A, Sarkisyan D
and Slavov D Electromagnetically
induced transparency and Dicke
narrowing resonances in nanometric
Cs-vapor layers 16™ Int. School on
Quantum Electr.: Laser Phys. and
Appl. Sept. 20-24 2010 Nessebar
Bulgaria.

Taskova E, Gateva S, Alipieva E and
Todorov G Coherent population
trapping resonance structure in
paraffin-coated Rb vapor cell 16"
Int. School on Quantum Electr.:
Laser Phys. and Appl. Sept. 20-24
2010 Nessebar Bulgaria.

Biancalana V, Cartaleva S, Dancheva Y,
Gosh P, Mariotti E, Mitra S, Moi L,
Petrov N, Ray B, Sargsyan A,
Sarkisyan D and Slavov D Coupling-
probe laser spectra of Cs D, line:
dependence on optical cell thickness
16" Int. School on Quantum Electr.:
Laser Phys. and Appl. Sept. 20-24
2010 Nessebar Bulgaria.

Cartaleva S, Krasteva A, Slavov D
and Vitanov N Comparison of bright
resonances in micrometric and

11.

12.

13.

centimeter cells filled with Cs vapor
16™ Int. School on Quantum Electr.:
Laser Phys. and Appl. Sept. 20-24
2010 Nessebar Bulgaria.

Gtédz M, Kowalski K, Szonert J,
Paul-Kwiek E, Gateva S and Vaseva K
On the wuse of effective Rabi
frequency as a global MOT
parameter depending on the mean
trapping beam power 16" Int. School
on Quantum Electr.: Laser Phys. and
Appl. Sept. 20-24 2010 Nessebar
Bulgaria.

Paul-Kwiek E, GtodZz M, Kowalski K,
Szonert J, Gateva S, Vaseva K,
Multiple peaks due to EIT and
Autler-Townes effect in lambda-
probing of the strongly driven 5P3;
manifold of cold ®Rb atoms in
MOT, 16™ Int. School on Quantum
Electr.: Laser Phys. and Appl. Sept.
20-24 2010 Nessebar Bulgaria.

Mitra S, Hossain M, Ray B, Ghosh P,
Cartaleva S, Slavov D, Coherent
laser spectroscopy of Rb atoms 16™
Int. School on Quantum Electr.:
Laser Phys. and Appl. Sept. 20-24
2010 Nessebar Bulgaria — invited
lecture.

ONGOING RESEARCH PROJECTS

Financed by the Bulgarian National
Science Fund

1.

2.

Coherent spectroscopy of alkali nano-
layers for miniaturization of photonics
sensors,

Team leader: Dr. Cartaleva S,

Grant No: DO-02-108.

Velocity distribution of alkali atoms in
micrometric thin cell,

Team leader: Dr. Todorov P,

Grant No: DMU-02-17.

Contract No DO-02-112/2008 National
Center on Biomedical Photonics.
Contract No Ph-1511 Lidar methods for
high resolution probing of
inhomogeneous objects by optical and
gamma radiation.
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5. Grant No: DO-02-107/09 Improving
the resolution of Thomson scattering
lidars by deconvolution-based
algorithms.

Financed by the Bulgarian National
Science Fund and other sources

1. All-optical diode-laser-based magnetometer:
miniaturization and parameters
optimization,

Bulgarian-Indian  inter-governmental
program of cooperation in science and
technology (2008-2010),

Coordinator: Dr S Cartaleva.

2. Improving the resolution of Thomson
scattering LIDARs by application of
novel deconvolution-based algorithms,
Contract of Association between the
European Atomic Energy Community
(EURATOM) and INRNE in the
frame of 7" Framework Programme of
the  European  Atomic  Energy
Community (Euratom), No.FUO7-CT-
2007-00059.

3. Contract No BG051P0001.3.3.04/56/
2009 Development of interdisciplinary
thinking and training of young
scientists working in the field of light-
matter interactions, 2009-2011.

COLLABORATIONS

1. Coherent population trapping effect
investigation for sensor miniaturization
Institute of Physics, Belgrade, Serbia,
Coordinator: Dr S Cartaleva.

2. Coherent processes in quantum optics
and for high resolution laser
spectroscopy of alkali atoms, Institute
of Physics, Polish Academy of
Sciences, Warsaw, Poland,
Coordinator: Dr S Gateva.

LABORATORY VISITS

Cartaleva S,
CNISM-Physics Department  University of
Siena, Italy, 7 days.

Gateva S,
Institute of Physics, PAS, Warsaw, Poland,
21 days.

GUESTS

Biancalana V and Dancheva VY,
CNISM-Phys Dept Siena Univ, Italy — 10 days.

Mariotti E and Marmugy L,
CNISM-Phys Dept Siena Univ, Italy — 7 days.

Gosh P,
Jadavpur University, 188 Raja S C Mallick
Road, Calcutta 700032, India —7 days.

Mitra S,
University of Calcutta, Kolkata, India— 14 days.

Sarkisyan D,
Institute for Physical Research, NAS of
Armenia, Ashtarak, Armenia —7 days.

Sargsyan A,
Institute for Physical Research, NAS of
Armenia, Ashtarak, Armenia — 30 days.

Jelenkovic B, Kmrpot A, Radonjic M,
Zarkov B, Nikoli¢ S,

Institute of Physics, University of Belgrade,
Pregrevica 118, Belgrade — 5 days.

Glodz M,
Institute of Physics, Polish Acad. Sci.,
Warsaw, Poland — 12 days.
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LABORATORY

NONLINEAR AND FIBER OPTICS

HEAD: Assoc. Prof. L. Kovachev, Ph.D.

TOTAL STAFF: 5
RESEARCH SCIENTIST: 2
Assoc. Prof. L.M. Ivanov, Ph.D.; I. Tunchev
V. Slavchev, K.L. Kovachev.

RESEARCH ACTIVITIES

1. lonization-free filamentation in air

The long-range filaments have so far been
considered as a balance between Kerr fo-
cusing and defocusing by plasma genera-
tion in the nonlinear focus. However, it is
difficult to apply the above explanation of
filamentation in the far-field zone. There
are basically two main characteristics
which remain the same at these distances -
the super broad spectrum and the width of
the core, while the power in a stable fila-
ment drops to the critical value for self-
focusing. At such power, the plasma and
higher-order Kerr terms are too small to
prevent self-focusing. We suggested a new
mechanism for stable soliton pulse propa-
gation in the far-field zone, where the
power of the laser pulse is slightly above
the critical one and the pulse comprises
super-broad spectra. For such pulses the
diffraction is not paraxial and an initially
symmetric Gaussian pulse takes parabolic
form at several diffraction lengths. The
stable soliton propagation appears as a
balance between the divergent parabolic
type diffraction of broadband optical
pulses and the convergent nonlinear refrac-
tive index due to the intensity profile. We
investigated in more detail the nonlinear
third order polarization taking into account
the carrier-to-envelope phase. This addi-
tional phase transforms the third harmonic
term to a THz or GHz one, depending on
the spectral width of the pulse.

Our approach to the femtosecond pulse
propagation in air governed by the new
amplitude equation presented in [1] allows
one to solve the problem of propagation of
pulses with a super-broad spectrum. It
should be noted that this problem cannot

al a2
A

A

z=0 ST

Figure 1. Nonlinear evolution of the waist (inten-
sity) projection of a 400 fs initial Gaussian pulse
(al) at A = 800 nm, at a distance z = 2z4i¢ (a2) ob-
tained by numerical simulation of the 3D+1 nonlin-
ear amplitude equation [1]. The power is above the
critical for self-focusing P = 2P,;. Typical self-focal
zone (core) surrounded by a ring is obtained. (b)
Comparison with the experimental result presented
by A. Couairon.

Power (arb. units)
o=

0 .-IIDO -
tff) e N
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Figure 2. (a) Experimental result of pulse self
compression and splitting of the initial pulse to a
sequence of several decreasing maxima. (b) Nu-
merical simulation of the evolution of side (X; z)
projection of the same pulse from figure 1 at dis-
tances z = 0; z = zg governed by the (3D+1)
nonlinear evolution equation [1] and the ionization-
free model.
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be studied in terms of the paraxial spatio-
temporal optics. The typical fs pulses up to
50 fs diffract following the Fresnel law in
a plane orthogonal to the direction of
propagation, while their longitudinal shape
is preserved in air or is somewhat enlarged
due to the dispersion. Broad-band pulses
(only a few cycles under the envelope) at
several diffraction lengths diffract in a
parabolic shape. We solved the convolu-
tion problem of the diffraction equation for
an initial pulse with the shape of a Gaus-
sian bullet and obtained an exact analytical
solution [4]. We also suggested a new
technique for solving evolution problems
of the wave equation by studying precisely
the nonlinear third order polarization and
taking the carrier-to-envelope phase into
account. This additional phase transforms
the third-harmonic term into THz or GHz
terms, depending on the spectral width
of the pulse. Thus, we suggested a new
mechanism of THz and GHz generation

(a) (b)“ )

Figure 3. (a) Fourier spectrum of the same side
(x; z) projection of the intensity as in figure 2 b. At
one diffraction length the pulse grows asymmetri-
cally towards the shorter wavelengths (higher k,
wave-numbers), (b) spectral shape observed
experimentally.

= Side profile [V(z2)f

Figure 4. Numerical simulations for an initial
Gaussian pulse with super-broad spectrum. The
power is slightly above the critical P = 2Py. The
side projection of the intensity is plotted. Instead of
splitting into a series of several maxima, the pulse
transforms its shape into a Lorentzian of the kind
V(Y 2)=1+[1+X2+y* + (z +ia)’ + 2.

from fs pulses in a nonlinear regime. For
pulses with power a little above the critical
for self-focusing, we investigated two ba-
sic cases: pulses with a narrow-band spec-
trum and with a broad-band spectrum. The
numerical simulation of the evolution of
narrow-band pulses (standard 100 fs
pulses) yields a typical conical emission
and spectral broadening to the shorter
wavelengths. The study of broad-band
pulses led to the conclusion that their
propagation is governed by the nonlinear
wave equation with a third order nonlinear
term when the THz oscillation is neglected
as a small term [1]. An exact soliton solu-
tion of this new envelope equation with a
3D + 1 Lorentz shape was also obtained.
The soliton appears as a balance between
parabolic divergent type diffraction and
parabolic convergent type of nonlinear
self-focusing. We demonstrated numeri-
cally a relative stability of the soliton pulse
with respect to the THz oscillations.
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Paradigma Publishing Sofia
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Magnetism; South-Western Univer-
sity, Blagoevgrad, Bulgaria.



Annual Report IE 2010

53

LABORATORY

LASER RADARS

HEAD: Prof. D. Stoyanov, Dr.Sc.

TOTAL STAFF: 17
RESEARCH SCIENTISTS: 13
Assoc. Prof. I. Kolev, Ph.D.; Assoc. Prof. L. Gurdev, Ph.D.; Assoc. Prof. T. Dreischuh, Ph.D.;
Assoc. Prof. V. Grigorieva, Ph.D.; Assoc. Prof. V. Mitev, Ph.D.;
S. Penchev, Ph.D.; V. Pencheva, Ph.D.; A. Deleva, Ph.D.; Z. Peshev, Ph.D.; N.Kolev, Ph.D.;
B. Kaprielov; V. Naboko; I. Grigorov.

RESEARCH ACTIVITIES

1. Lidar monitoring of the atmosphere

During 2010, the work of the lidar
group with Cu-Br-vapor laser consisted
mainly in the submission of analyzed
results of experiments for the common
Database of the EARLINET-ASOS project
(European  Aerosol Research  Lidar
Network -  Advanced  Sustainable
Observation System) Contract Number
025991.

In accordance with EARLINET
Network Activity 3 - Quality Assurance, in
the beginning of October (09.10 -
15.10.2010) a quality test of the lidar
measurements was performed. It consisted
in a comparison of the results of
simultaneous measurements of our lidar
system and a previously calibrated mobile
lidar from Meteorologischen Institut
Minchen, Germany. Object of the
comparison were the so called S-functions
of the measurements of the two lidars. The
averaged  difference  between  the
S-function values of the night-time
measurements was in the order of 5 %.
The averaged difference between the
profiles of day-time measurements
increased from 20 % to 40 % with the
altitude from 2 km to 6 km above ground.
This was due to an ambiguity in the data
pre-processing algorithm of the lidar signal

applied when day-time noise rejection was
performed. The resolution of this problem
will be subject of future investigations.

During 2010, we continued to deliver
lidar measurements data to the common
Database of the EARLINET-ASOS
project, as follows:

1. Regular climatological measurements
— 47 measurements realized (33%), 14
of them uploaded on the EARLINET
Database (26 data files for the
atmospheric backscatter coefficient).

2. Measurements within the CALIPSO-
project — 12 measurements realized, all
of them uploaded on the Database (30
data files).

3. Lidar measurements when special
events in the atmosphere were
observed:

e Transport of Saharan dust over the
Mediterranean See to Europe - 9
measurements realized, all of them
uploaded on the Database (15 files
with the atmospheric backscatter
coefficient height distribution).

e Transport of volcanic dust over Europe
during the  eruption of the
Eyjafjallajokull Volcano in Iceland —
16 measurements, in 5 of them
volcanic dust was observed (9 files in
the Database). The lidar measurements
in Sofia were started on 18 April 2010
and finished on 25 May, when the
eruption ended. Unfortunately, most of
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the spring this year was marked by

rainy and cloudy weather unfavorable

for continuous measurements.

Moreover, the wind carried the

volcanic ash away from Bulgaria

during almost the entire month of

April. The combination of these

circumstances determined the

relatively rare cases of lidar
observations of volcanic dust transport
over Sofia.

Additional information from BCS
Sahara dust forecast maps and HYSPLIT
backward air mass trajectories was used in
the analyses. The low limit of volcanic
dust layer observed frequently remained
mixed with the PBL, at about 2-2.5 km
altitude  AGL. During the lidar
measurement on 10 May, 2010, we
observed simultaneously Saharan dust
transport at ~3 km altitude AGL, and a
volcanic dust layer positioned at ~7 km
altitude AGL.

(I. Grigorov, G. Kolarov, D. Stoyanov)

2. Experimental and theoretical research

The main investigations of the
atmospheric boundary layer (ABL) over an
urban area concerned the
following: 1) determination of the heights
of the stable boundary layer (SBL), the
residual layer (RL) and the mixing layer
(ML); 2) determination of the optical
characteristics of the aerosol by means of a
sun photometer; 3) measurements of the
aerosol size distribution and concentration
in different regions of the valley. To fulfill
the above tasks, regular weekly
measurements were carried ceilometer
type CHM 15k. The data were examined
and analyzed. The zones of tropopause and
cirrus clouds were determined. The data
obtained during a complex experiment
(June 2010) by a ceiolometer, an aerosol
lidar, a sun photometer, a laser particle
counter (LPC) and meteorological stations
near the Institute of Electronics (IE), at the
Astronomical Observatory in Borisova
Gradina Park (AO) and at the Central

Geophysical Station (CGS), Plana, were
compared and analyzed. The ABL is an
important element of the Earth’s climate
system where heat, momentum, humidity
and gaseous compounds exchange takes
place, thus determining the structure of the
lower atmosphere, the proliferation of
pollutants and the formation of clouds. The
height of ABL is often identified by the
height of the mixing layer which is an
important parameter that determines the
height of the wvolume where the
atmospheric aerosol and different gaseous
compounds are spread and the physic-
chemical transformations take place. The
main aerosol load over an urban area
situated in a mountain valley is spread in
the first 2 — 3 km (up to 4 km).

In recent years, the atmospheric aerosol
attracted attention due to its relation to the
climate change. In contrast with the
greenhouse gases which cause only
warming, the aerosol can cause both
cooling and warming of the atmosphere
depending on its optical characteristics, in
particular, its single-scattering albedo and
absorption. The main optical
characteristics of the atmospheric aerosol
are the aerosol optical depth (AOD, 1,) and
the Angstrom coefficients o and p. AOD is
part of the total optical depth that
determines the extinction of solar radiation
passing through an atmospheric layer. The
Angstrom coefficient a is related to the
aerosol size distribution, while [ is related
to the atmospheric turbidity.

(I. Kolev, Ts. Evgenieva and N. Kolev)

The studies were continued of the
different layers of the ABL, namely, the
SBL, the RL and the ML during spring-
summer and autumn-winter. The heights
and stages of formation in the cases of
“dry” and *“wet” convective boundary
layer were determined. The results were
compared with theoretical data obtained by
using the Whiteman and McKee’s model.
The possibilities were examined to
determine the impact of the different
radiative processes on the ML formation
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stages (in view of assessing the influence
of the atmospheric aerosol, atmospheric
humidity and soil humidity). The studies
were continued of the atmospheric aerosol
optical  characteristics during ABL
formation by means of aerosol lidar and
sun photometer. The investigations of the
influence of the ABL on the near-ground
ozone concentration taking into account
the specific meteorological parameters
near the IE, at the AO and at the CGS,
Plana, were also continued.

(I. Kolev, Ts. Evgenieva and N. Kolev)

A two-stage experimental campaign
was carried out from 01.10.2008 to
22.10.2008 near the IE and at the AO. The
first stage was aimed at calibrating the
Bulgarian sun photometer by simultaneous
measurements with an Indian sun
photometer calibrated recently in the USA
(this stage was described in the Annual
Report 2009). The aim of the second stage
was to determine the AOD and water
vapor content (WVC) at two points in
Sofia during the ABL formation. Several
types of AOD and WVC behavior were
observed. The ML height varied from 400
to 1600 (2000) m. The RL height varied
from 800 to 2000 m and the SBL height
was in the range from 200 to 400m. The
AOD values at the wavelength of
A =500 nm ranged from 1, =0.25 to 0.42,
and the WVC values, from 1cm to 2cm.
The joint interpretation of lidar and sun
photometer data was performed under the
assumption that most of the aerosol was
located in the ABL in the absence of
volcanic eruptions and Saharan dust
events.

(I. Kolev, Ts. Evgenieva and N. Kolev)

The measurements of the optical
characteristics of the aerosol were
continued at two points — the IE and the
AO. Two periods were observed in the
AOD behavior at the wavelength of
A =500 nm. The first one is more dynamic
and takes place from sunrise up to 10:30 h.

The second one, when the AOD is more
stable, occurs during the ABL formation.
(I. Kolev, Ts. Evgenieva and N. Kolev)

The investigations of the influence of
the ML height on the near-ground ozone
concentration were continued. Three types
of near-ground ozone concentration
behavior were observed at the IE, the AO
and the CGS, Plana, depending on the
different temporal and spatial development of
the ABL.

(V. Grigorieva, I. Kolev, Ts. Evgenieva
and N. Kolev)

Data acquisition at the AO by means of
the CHM 15k ceilometer was continued.
The device allows observations of the
atmosphere in the range from 100 to
15000 m. The data were collected
automatically for 24 hours and were
regularly examined and analyzed. The data
on the ABL height obtained by the aerosol
lidar (IE) and the ceilometer (AO) were
compared. The comparisons showed that
the ML development near the AO was
delayed by about 1 - 1.5 hours compared
to the ML formation near the IE,
especially in what concerns the time when
the ML reached its maximum height. The
maximum ML height near the AO was in
some cases greater by 100 - 200 m than the
one measured at the IE. The heights of the
tropopause and the cirrus clouds were
observed, as well as the fronts penetrating
the entire tropospheric layer.

(I. Kolev and N. Kolev)

The complex experiment carried out in
June 2010 was an expansion of the
experimental campaign in May 2009 near
the IE, AO and CSG, Plana. Part of results
were processed, analyzed and prepared for
a conference paper and can be summarized
as follows: Based on the joint
interpretation of the sun photometer,
aerosol lidar and ceilometer data, we
assessed the influence of the atmospheric
aerosol in the PBL and the significant
influence of aerosol layers and high clouds
in the entire troposphere on the values of
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aerosol optical depth. The near-ground
ozone concentration in the urban area
approaches the values of the near-ground
ozone concentration at the CGS, Plana,
and Kopitoto Station when the mixing
layer is fully developed (reaches its
maximum height).

(I. Kolev, Ts. Evgenieva and N. Kolev)

The modulated optical reflectance
(MOR) technique, whereby the optical
reflectance variation is observed of a
scanned sample surface subjected to
periodic photothermal modulation, was
applied to the structural analysis and
defectoscopy of thin layers of the
ferromagnetic  Lap7Sro3sMnQOs  structure
(LSMOQO). A combination of a pumping
laser diode and a probe He-Ne laser in a
dual wavelength setup provides an
electrical signal proportional to the
modulated reflectance at each point of the
sample. The detected beam is filtered and
modulated  selectively by reflection
without interference by the substrate
properties, the probe beam or external
fields. The laser beams are aligned
precisely in the focal spot, thus
determining a spatial resolution of 10 pm
and confining the region of thermal
interaction on the sample surface. The
micron precision of the fiber optics tract in
our system and the multimode structure of
the optical fiber used reduce the
interference noise, which would otherwise
cause a substantial error. Efficient spectral
separation of the two collinear laser beams
directed by the fiber optics tract was
achieved using the diffraction grating of a
monochromator and a high-finesse
interference filter, so that the probe beam
is modulated solely by the reflectance
variation. The improved fiber-optics based
scheme is suitable for high-resolution
surface imaging and structural analysis. It
was shown that the low contrast between
the optical reflectance of the interface of a
conductive film and a dielectric substrate,
which is due to the close similarity of the
two materials’ optical properties, can be

greatly enhanced by detecting the MOR
signal. The theoretical and experimental
results were discussed of the study of
LSMO thin-film samples by applying
photothermal modulation of the optical
reflectance. Being based on the Drude
effect, MOR by definition is proportional
to the relative variation of the modulated-
light reflectance divided Dby the
unmodulated absolute reflectance of the
sample surface at the wavelength of the
He-Ne laser (632,8 nm). It was shown that
MOR as a function of temperature at
certain conditions near the phase transition
temperature is  proportional to the
variations of the charge carrier density and
the magnetoresistance derivative with
respect to the temperature. The film
resistance was measured by the four-wire
method (Kelvin bridge) simultaneously
with the MOR signal. The temperature
profile of the modulated reflectance
increased somewhat, with a maximal value
around the Curie point, and then decreased
in the paramagnetic phase in good
agreement with the film resistivity values
calculated from the experimental data. The
experimental results validated the MOR
method for measurements of the surface
quality and the magnetoresistive properties
at different temperatures near the Curie
point. Further studies using the MOR
method are planned of ferromagnetic films
in strong magnetic fields in view of
applications to the implementation of new
magnetoresistive memories and sensors.
The development of the contactless
measurement technique described,
reported in several publications, was
supported by the Bulgarian National
Science Fund under the thematic project
New Magnetic and Magnetoelectric
Materials for the Next Generation
Electronic Devices.

(V.Pencheva, S.Pencheva, V.Naboko)

The propagation was investigated of a
cw laser beam through homogeneous
tissue-like turbid media, such as diluted
emulsions of Intralipid or milk having
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presumably  sharply  forward-directed
Henyey-Greenstein or Gaussian
indicatrices. The cross-sectional radial
distributions were experimentally
determined of the forward-propagating
light power detected at different depths
along the beam axis in each medium of
interest. The detected-power spatial
distribution for both the types of
indicatrices was described analytically by
solving the radiative transfer equation in
the so-called small-angle approximation.
The experimental results are consistent
with the analytical expressions obtained
that have been shown to allow one to
estimate the extinction («;), reduced-
scattering (a) and absorption ()
coefficients and the g-factor of the media
investigated. The values obtained of a;, s
and g of the dilutions were quite
reasonable and, depending on the dilution
turbidity, behaved in the way observed
formerly in other similar experiments. The
comparative analysis of the estimated
characteristics of the dilutions showed that
in the case of a Henyey-Greenstein
indicatrix one has a smaller value of the g-
factor and a larger value of a,. as
compared to the case of a Gaussian
indicatrix. At equal g-factors, in the former
case one shall have a narrower forward-
propagating scattered-light beam with
higher on-axis intensity as compared to the
latter case.

(L. Gurdev, I. Bliznakova, T. Dreischuh,
0. Vankov, L. Avramov, D. Stoyanov)

A novel approach was proposed and
investigated of determining by means of
GRAYDAR (Gamma Ray Detection and
Ranging) the in-depth partial-density
profile of a substance absorbed in a dense
medium  with ~ known  gamma-ray
extinction distribution. By solving the
graydar equation, analytical algorithms
were derived for retrieving the in-depth
profile of the partial density of the
absorbed substance on the basis of the
conjecturally known in-depth profile of the
extinction of the absorbing medium and

the experimentally determinable graydar
profile. The retrieval error under Poisson
noise conditions was also estimated
analytically. The simulations performed of
the Poisson-noise effect concern the case
of soil moisture. The results obtained
confirm the wvalidity of the retrieval
algorithms derived and the error estimates
and showed that the soil moisture profile
may be accurately determined to depths of
50 cm, depending on the dry-soil bulk
density, the sensing photon flux, and the
measurement time.

(L.L. Gurdev, T.N. Dreischuh, D.V.
Stoyanov)

Systematic studies and analyses were
carried out of the dynamic characteristics
of the aerosol in the lower atmospheric
layers over a heterogeneous orographic
region that includes adjacent urban, plain,
and mountain zones near the city of Sofia.
Measurements under different atmospheric
conditions were performed at two
wavelengths (1064 nm and 532 nm) by
using the two channels of an aerosol lidar
based on a high-power Nd:YAG laser.
Range profiles of the atmospheric
backscattering  coefficient, the range-
corrected lidar signal, the normalized
standard deviation, and the backscattering-
related Angstrom exponent were obtained
and analyzed, as averaged over the time
and/or range of measurements, as well as
in their temporal evolution with a
resolution of 2s. The dynamic
measurements results were presented as
color-map time-height diagrams. Taking
advantage of the two-wavelength lidar
sounding, statistical quasi-quantitative
analysis of the spatial density distribution
and the temporal dynamics of both the
fine-mode and coarse-mode aerosol
fractions was performed in an orographic
aspect. The mean-particle-size values were
estimated and the zones of the most
intensive dynamics were determined for
the two aerosol fractions. The results
obtained show the strong impact of the
heterogeneous  orography  on  the
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atmospheric dynamics, as well as the
possibility of using the lidar system for
investigating the distribution and dynamics
of aerosol fractions over large areas with
high spatial and temporal resolution.

(Z. Peshev, A. Deleva)

Lidar observations of the aerosol
content in the troposphere were performed
twice weekly in accordance with the
EARLINET protocol and depending on the
meteorological conditions. The
measurements were carried out in
correlation with of Barcelona super-
computing center’s forecasts concerning
the spreading of Saharan mineral dust over
Europe on days with dust cloud present
over Sofia. The lidar data obtained at two
wavelengths (1064 nm and 532 nm) were
processed and the vertical profiles of the
aerosol  backscatter coefficient were
calculated. Some of these profiles were
visualized by 2D color-maps illustrating
both the spatial distribution and the
temporal evolution of aerosol density for
the observed aerosol fields.

(Z. Peshev, A. Deleva)

3. Lidar diagnostics of thermonuclear
plasma

A novel, entirely software, approach
was developed for processing the JET
(Culham, UK) core Thomson scattering
lidar data that allows one to improve
substantially the resolution of the electron
temperature  and  density  profiles
measurements in thermonuclear plasma.
This approach is important because of the
opportunity it provides for a more reliable
description of the characteristic pedestal
intrinsic to the radial distribution of the
electron temperature and density in H-
mode plasma state. In general, the method
is based on deconvolution procedures and
a method for signal sampling with
improved resolution based on the lack of
synchronization between the laser pulse
and the sampling generator. This allows a
finer discretization of the lidar profiles
and, correspondingly, by solving an

inverse problem, determination with better
resolution of the electron temperature and
density  profiles.  The  simulations
performed confirmed the efficiency of the
approach and the possibility of achieving a
resolution interval of the order of 1 cm.
The efficiency of the method was
demonstrated by real data processing. The
results obtained are in good agreement
with those obtained by the High
Resolution Thomson Lidar used for
measurements near the boundaries of the
plasma torus. The investigations were
performed under a contract within the 7"
Framework Program of the European
Atomic Energy Community (Euratom).

(D. V. Stoyanov, T. N. Dreischuh, L. L. Gurdev)

Using  statistical modeling,  the
possibilities were investigated of applying
deconvolution  techniques for high-
resolution restoration of the electron
temperature profiles in fusion plasma
reactors, such as the Joint European Torus
(JET), measured by Thomson scattering
lidar using the center-of-mass wavelength
approach. The sensing laser-pulse shape
and the receiving-system  response
function  were  assumed to  be
exponentially-shaped. The plasma light
background influence was taken into
account, together with the Poisson
fluctuations of the  number  of
photoelectrons  following photocathode
cascade multiplication in the microchannel
photomultiplier tube used. It was shown
that the Fourier-deconvolution of the
measured  long-pulse  (lidar-response-
convolved) lidar profiles, at relatively high
and low signal-to-noise ratios, ensures a
higher accuracy of recovering the electron
temperature profiles with three times as
high range resolution compared to the case
without  deconvolution.  The  final
resolution scale was determined by the
width of the window of an optimum
monotone sharp-cutoff digital noise-
suppressing  (noise-controlling)  filter
applied to the measured lidar profiles. The
investigations were performed under a
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contract within the 7" Framework
Program of the European Atomic Energy
Community (Euratom).

(T.N. Dreischuh, L.L. Gurdev, D.V.
Stoyanov)

4. Signal processing

The work was focused on the
atmospheric turbulence effect and a new
method for determining the optical signal
attenuation caused by turbulence. The new
technique of power budget of optical links
makes wuse of the optical intensity
distribution in a laser beam after the beam
has passed through a turbulent atmosphere.
The results obtained were compared with
Rytov approximation which is nowadays
the most frequently used method for
determining turbulent attenuation.
(G.Kolarov, 1.Grigorov)

5. Lidar hardware & software

During the year we renovated the
optical receiving system of the CuBr lidar.
The receiving telescopes were replaced by
astronomical type telescopes with more
precise tuning mechanisms. As a result,
the spatial alignment of both telescopes
with respect to the laser beam direction
was substantially improved.

(V.Pencheva, S.Penchev, V.Naboko)

A software package (based on
deconvolution approaches) was developed
for the purpose of performing computer
simulations and high-resolution processing
of real data from the Thomson scattering
lidar systems for contactless diagnostics of
high-temperature plasma in JET (Culham, UK).
(D. Stoyanov, T. Dreischuh)

Models, algorithms and special purpose
software of the system of laser
photothermal contactless control were
developed.

Investigation of models and their
capability for transition to another standard
of interface connection, such as USB v.

2.0, between the computer and the signal
detector system (hardware software and
technological peculiarities) was carried
out. The possibility of adaptation of the
high-frequency input data stream to the
real transmission rate of the interface of
the lidar was analyzed.

The  following  equipment  was
developed and implemented:

A microprocessor  system  for
thermostat control and temperature
profiling of the samples investigated.

A detector of signals of modulated
reflectance of the sampled surface and
successive transfer for processing to the
computer system

A linear analog thermostat using a
Peltier element and a vacuum chamber
enabling external input and temperature
control.

A two-channel high-frequency buffer
transimpedance  amplifier  for  low-
resistance high-frequency detectors using a
high-resistance signal source.

A driver for high-power CW laser
diodes synchronized and power-modulated
by in the system for laser photothermal
contactless analysis.

An experimental system for thermal
regulation and thermostat for the samples
investigated designed for laser
photothermal contactless analysis.
(V.Pencheva, S.Pencheva, V.Naboko)

PUBLICATIONS

1. Pappalardo G, Wandinger U, Mona L,
Hiebsch A, Mattis I, Amodeo A,
Ansmann A, Seifert P, Linne H,
Apituley A, Arboledas L A, Balis D,
Chaikovsky A, Comeron A, D'Amico G,
Freudenthaler V,  Grigorov |,
Papayannis A, Perrone M R, Pietruczuk
A, Pujadas M, Rizi V, Spinelli N, Wang
X and Wiegner M 2010 EARLINET
correlative measurements for
CALIPSO:  First intercomparison
results J. Geophys. Res.-Atmospheres
115 DOOH19 doi:10.1029/2009JD012147
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Gurdev L L, Dreischuh T N,
Stoyanov D V and Protochristov Ch
N 2010 On the possibility of
determining the distribution of a
substance penetrating into a dense
medium using gamma-ray detection
and ranging approach Acta Physica
Polonica A 118/4 540-9 PL ISSN
0587-4246 (printed), PL ISSN 1898-
794X (online)

Pencheva V, Penchev S, Nedkov I,
Kutzarova T and Naboko V 2010
Modulated optical reflectance method
of magnetoelectric  nanomaterials
J. Phys.:Conf. Series 223 N0.:01 2041
ISSN: 1742-6588 (print) ISSN: 1742-
6596 (online)

Stoyanov D, Beurskens M, Dreischuh T,
Gurdev L, Ford O, Flanagan J,
Kempenaaras M, Balboa | and Walsh M
2010 Resolving the plasma electron
temperature pedestal in JET from
Thomson scattering Core LIDAR data
Proc. 37th EPS Conf. Plasma Phys.
ECA 34A P5.133 (European Phys.
Soc. Geneva) ISBN 2-914771-62-2
Peshev Z Y, Deleva A D, Dreischuh T N
and Stoyanov D V 2010 Lidar
measurements of atmospheric
dynamics over high mountainous
terrain AIP Conf. Proc. 1203 1108-1113
(Melville New York), ISBN 978-0-
7354-0740-4

Penchev S, Pencheva V, Nedkov I,
Kutzarova T and Naboko V 2010
Laser photothermal analysis of
magnetoelectric materials AIP Conf.
Proc. 1203 273-7, (Melville New
York) ISBN 978-0-7354-0740-4
Deleva A D, Peshev Z Y, Slesar A S,
Denisov SV, Avramov LA and
Stoyanov D V 2010 Vertical profiling
of atmospheric backscatter with a
Raman-aerosol lidar AIP Conf. Proc.
1203 388-93 (Melville New York)
ISBN 978-0-7354-0740-4

Vidolova E, Peshev Z, Shaquiri Z and
Angelov D 2010 Dynamic methods
for investigating the conformational
changes of biological macromolecules

10.

11.

12.

13.

AIP Conf. Proc. 1203 1085-89 (Melville
New York) ISBN 978-0-7354-0740-4
Dreischuh T N, Gurdev L L and
Stoyanov D V 2010 Monte-Carlo
analysis of the accuracy of a novel
Thomson scattering lidar approach to
measuring the electron temperature in
fusion plasmas AIP Conf. Proc. 1203
1468-73 (Melville New York) ISBN
978-0-7354-0740-4

Gurdev LL, Bliznakova IA,
Dreischun TN, Vankov O],
Stoyanov D V and Avramov L 2010
A quantitative analysis of
experimental data on the effects
accompanying the propagation of
laser radiation through biological-
tissue-like turbid media AIP Conf
Proc. 1203 716-21 (Melville New
York) ISBN 978-0-7354-0740-4
Grigorov |, Kolarov G and Stoyanov D
2010 Remote monitoring of aerosol
layers over Sofia in the frame of
EARLINET-ASOS project AIP Conf.
Proc. 1203 585-90 (Melville New
York) ISBN 978-0-7354-0740-4
Pappalardo G, Amodeo A, Ansmann A,
Apituley A, Arboledas L A, Balis D,
Bockmann  Ch, Chaikovsky A,
Comeron A, D'Amico G, Tomasi F,
Freudenthaler V, Giannakaki E,
Giunta A, Grigorov |, Gustafsson O,
Gross S, Haeffelin M, larlori M,
Kinne S, Linné H; Madonna F,
Mamouri R, Mattis I, McAuliffe M,
Molero F, Mona L, Muller D, Mitev V,
Nicolae D, Papayannis A, Perrone M R,
Pietruczuk A, Pujadas M, Putaud J-P,
Ravetta F, Rizi V, Serikov I, Sicard M,
Simeonov V, Spinelli N, Stebel K,
Trickl T, Wandinger U, Wang X,
Wagner F and Wiegner M 2010
EARLINET observations of the
Eyjafjallajokull ash plume over
Europe, Proc. SPIE 7832, 783217
Deleva A 2010 Lidar monitoring of
Saharan dust transport over the city of
Sofia in the period 2006-2008
Bulgarian Geophysical Journal 36 pp
18-25
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14.

15.

16.

17.

18.

19.

20.

Deleva A, Slesar A and Denisov S
2010 Investigations of the aerosol
fields and clouds in the troposphere
with Raman-aerosol lidar Bulgarian
Geophysical J.I 36 26-39

Kolev N 1, Savov P B, Donev E H,
Ivanov D |, Blagoev A P, Kaprielov B K,
Grigorieva V N, Danchovski V C and
Kolev IN 2010  Atmospheric
boundary layer and surface ozone
concentration study over Sofia area by
lidar and ozonemeter Bulgarian
Geophysical J. 36 3-17

Pencheva V, Penchev S, Nedkov I,
Kutzarova T and Naboko V 2010
Analysis of modulated optical
reflectance applied to magnetoelectric
nanomaterials Comptes Rendus de
[’Academie Bulgare des Sciences 63/8
1111-6 ISSN pp 1310-1331

Evgenieva Ts, Wiman Bo L B, Kolev N,
Donev E, Ivanov D, Danchovski V,
Petkov D, Grigorieva V and Kolev |
2010 Lidar, ceilometer and sun
photometer investigation of the
aerosol optical characteristics in the
troposphere over Sofia, Bulgaria
Comptes rendus de [l'Academie
Bulgare des Sciences 63/8 1191-1200
Evgenieva Ts, Tatarov B, Wiman Bo L B,
Kolev N, Donev E, Ivanov D,
Danchovski V, Petkov D, Grigorieva V
and Kolev | 2010 Remote sensing and
in situ investigation of the atmosphere
over mountain valley (Sofia-Bulgaria)
Proc. 25™ Int. Laser Radar Conf.
(St. Petersburg, Russia) pp 1138-41
Kolev N, Evgenieva T, Petkov D,
Kolev I, Devara P, Raj P E 2010
Lidar and two sun photometers
observations in Sofia (Bulgaria) Proc.
25" Int.  Laser Radar  Conf.
(St. Petersburg, Russia) pp 1142-45
Dreischun T, Atanasov P A,
Sabotinov N V Editors Proc. SPIE
7751 — 18™ Int. Symp. Gas Flow,
Chemical Lasers and High-Power
Lasers, (SPIE, Bellingham, WA,
USA, 2010)

PATENTS SUPPORTED

1.

Stoyanov D, Gurdev L, Dreischuh T,
Vankov O, Protochristov C

Radar on single spontaneously emitted
gamma-photons,

Patent No 65770 B (2009).

Stoyanov D, Gurdev L, Dreischuh T,
Vankov O, Avramov L, Borisova E
Optical multichannel  transceiving
system,

Patent No 65769 B (2009).

EUROPEAN PATENTS UNDER
CONSIDERATION

1.

Stoyanov D, Dreischuh T, Gurdev L,
Vankov O, Avramov L, Borisova E,
Bliznakova |

Method for determining optical and
spatial characteristics of an inclusion
in a turbid medium using multiple-
scattering optical tomography

Priority  13.08.2008, Applicant -
Siemens Aktiengesellschaft, Germany;
Patent No. EP2153772-A1, published
on 17.02.2010-EP Bulletin [2010/07].
Stoyanov D, Dreischuh T, Gurdev L,
Vankov O, Avramov L, Borisova E,
Bliznakova |

Apparatus for determining optical and
spatial characteristics of an inclusion
in a turbid medium using multiple-
scattering optical tomography

Priority  10.11.2008, Applicant -
Siemens Aktiengesellschaft; Patent
No.EP2165647A1, published on
24.03.2010-EP Bulletin [2010/12].

CONFERENCES

1.

Stoyanov D, Beurskens M, Dreischuh T,
Gurdev L, Ford O, Flanagan J,
Kempenaars M, Balboa | and Walsh M,
Resolving the plasma electron
temperature pedestal in JET from
Thomson scattering core LIDAR data,
37" EPS Conf. Plasma Phys. 21-25
June 2010, Dublin, Ireland.

Deleva A, Peshev Z and Avramov L,
Laser remote sensing of tropospheric
aerosols and clouds, 76" Int. School
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“Laser
20-24

on Quantum Electronics
Physics and Applications”,
Sept. 2010, Nessebar, Bulgaria.
Grigorov I, Stoyanov D and Kolarov G,
Lidar observation of volcanic dust
layers over Sofia, 16™ Int. School on
Quantum Electronics “Laser Physics
and Applications”, 20-24 Sept. 2010,
Nessebar, Bulgaria.

Dreischuh T, Gurdev L and Stoyanov D,
Statistical modeling of deconvolution
procedures  for improving the
resolution of measuring electron
temperature profiles in tokamak
plasmas by Thomson scattering lidar,

16" Int.  School on Quantum
Electronics  “Laser  Physics and
Applications”, 20-24 Sept. 2010,

Nessebar, Bulgaria.

Kolev N, Evgenieva Ts, Nenchev R,
Kaprielov B and Kolev I, Three-year
lidar investigations in the atmospheric
boundary layer over Sofia, Bulgaria,

16" Int. School on Quantum
Electronics  “Laser Physics and
Applications”, 20-24 Sept. 2010,

Nessebar, Bulgaria.

Evgenieva Ts, Kolev N, lliev I, Kolev I,
Devara P C Sand Raj P E, Height of
the planetary boundary layer, aerosol
optical depth and water vapor content
determined by lidar and sun
photometer, 16" Int. School on
Quantum Electronics “Laser Physics
and Applications”, 20-24 Sept. 2010,
Nessebar, Bulgaria.

Grigorieva V, Evgenieva Ts, Kolev
N, Donev E, Ivanov D and
Danchovski V, Case studies of the
surface ozone and atmospheric
boundary layer over Sofia, Bulgaria,

16™ Int.  School on Quantum
Electronics  “Laser  Physics and
Applications”, 20-24 Sept. 2010,

Nessebar, Bulgaria.

Peshev Z, Deleva A, Dreischuh T and
Stoyanov D, Dynamic characteristics
of atmospheric layers over complex
terrain probed by a two-wavelength
lidar, 16" Int. School on Quantum
Electronics  “Laser  Physics and

10.

Applications”, 20-24 Sept. 2010,

Nessebar, Bulgaria.

Pencheva V, Penchev S, Nedkov |
and Kutzarova T, Investigation of
ferromagnetic properties of LSMO
nanolayers by laser modulated
reflectance probe, 16™ Int. School on
Quantum Electronics “Laser Physics
and Applications”, 20-24 Sept. 2010,
Nessebar, Bulgaria.

Bliznakova I, Gurdev L, Dreischuh T,
Vankov O, Avramov L and Stoyanov D,
A dual interpretation of experimental
data concerning the propagation of
laser light through tissue-like turbid
media, 16" Int. School on Quantum
Electronics  “Laser Physics and
Applications”, 20-24 Sept. 2010,
Nessebar, Bulgaria.

11. Evgenieva Ts, Tatarov B, Wiman Bo L B,

12.

13.

Kolev N, Donev E, Ivanov D,
Danchovski V, Petkov D, Grigorieva V,
and Kolev I, Remote sensing and in
situ investigation of the atmosphere
over mountain valley (Sofia-Bulgaria),
25™ Int. Laser Radar Conf., (5-9 July
2010, St .Petersburg, Russia).

Kolev N, Evgenieva T, Petkov D,
Kolev I, Devara P and Raj P E, Lidar
and two  sun photometers
observations in Sofia (Bulgaria),
25™ Int. Laser Radar Conf., (5-9 July
2010, St .Petersburg, Russia).
Evgenieva Ts, Wiman Bo L B, Kolev N,
Donev E, Savov P, Ivanov D,
Danchovski V, Petkov D, Kaprielov B,
Grigorov 1., Grigorieva V and Kolev I,
Tropospheric aerosol observation by
ground based active and passive
remote sensing over Sofia, Bulgaria,
38th COSPAR Scientific Assembly,
18 - 25 July 2010, Bremen, Germany.

ONGOING RESEARCH PROJECTS

Financed by the Bulgarian National
Science Fund

1.

DO 02-112/2008 National Center for
Biomedical Photonics (in the optical
tomography part).

DO- 224/2008 Novel magnetic and
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magnetoelectrical materials for the
next generation electronic components.
DO 02-107/2009 Improving the
resolution of Thomson scattering
lidars by application of novel
deconvolution-based algorithms.
Ph-1511 Lidar methods for high
resolution probing of inhomogeneous
objects by optical and gamma
radiation.

ES YS -1502/05 Investigation of
emission and reflectance
characteristics of mixed spectral
classes of rocks and minerals.
TS-1523/05 Effects of atmospheric
turbulences on the parameters of: laser
communication systems in open
media; lidar and radiometric systems
for ecomonitoring; systems  for
analysis of optical images of natural
(incl. space) objects.

Financed by the BAS

1.

Raman lidar by Nd:YAG laser for

remote sensing of atmospheric
parameters.

Remote determination of some
statistical characteristics of non-

uniform media by image processing.
Lidar methods for determination of
planetary boundary layer heights.
Laser sensing of tissue-like turbid
optical media for localizing of
characteristic inhomogeneities inside.
Lidar monitoring of atmospheric
gaseous components by powerful
pulsed diode lasers.

Ozone variations in the low
atmosphere on different temporal
scales.

Lidar diagnostics of thermonuclear
plasma by Thomson scattering
relativistic spectra.

EUROPEAN PROJECTS

1.

European Aerosol Research Lidar
Network:  Advanced  Sustainable
Observation System, EARLINET-
ASQOS, FP6, 2006-2011. Contract No.
025991.

Improving the resolution of Thomson
scattering lidars by application of
novel deconvolution—based algorithms,
Contract of Association between the
European Atomic Energy Communita/
(EURATOM) and INRNE under 7'

Framework Program of the European
Atomic Energy Community (Euratom)
No. FUO7-CT-2007-00059.

Aerosols and Clouds. Long-term data
base  from  space-borne lidar
Measurements. CALIPSO Program,
European Space Agency (ESA).

COLLABORATIONS

1.

Optical remote sensing studies of the
atmospheric boundary layer
characteristics using laser radar
Institute of Tropical Meteorology,
Pune, India (in the framework of the
Indo-Bulgarian inter-governmental
program of cooperation in science &
technology, Grant Ne INT/Bulgaria).
Optical, gamma and MW remote
characterization of dynamic small-size
submicron structured systems in life-
sciences and industry,

University of Liege, Belgium.
Advanced lidar technologies for
tropospheric aerosol studies

Istituto di Metodologie per I’Analisi
Ambientale, CNR, Italy

Lidar investigation of aerosol fields
transformations in urban industrial
zones, Institute of Physics, National
Academy of Belarus, Minsk, Belarus.
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LABORATORY

MICROWAVE PHYSICS AND TECHNOLOGIES

HEAD: Assoc. Prof. O. Yordanov, Ph.D.

TOTAL STAFF: 14
RESEARCH SCIENTISTS: 13
Assoc. Prof. A. Yanev, Ph.D.; Assoc. Prof. V. Atanassov, Ph.D.; Assoc. Prof. I. Sirkova, Ph.D.;
M. Taslakov, Ph.D.; E. Krasteva, Ph.D.; P. Zabov, Ph.D.; B. Simeonova Ph.D.; I. Atanasov, PhD;
K. Kostov; V. Ranev; L. Mladenov; C. Markov; L. Vulkova.

RESEARCH ACTIVITIES
1. Chaotic communication

An approach wass proposed to the
design and practical realization of a
compact wide-band chaotic oscillator
operating in the microwave range (4.5-
10.2 GHz). The basic idea is to implement
a time-delay feedback between the gate
and the drain of the transistor of a
varactor-tunable  (7-9 GHz)  harmonic
oscillator. The simulation carried out of
the generated signal spectrum as a function
of the feedback length using the
transistor’s non-linear model showed that,
as the time-delay is increased, the system
allows states where three or four frequency
modes of oscillation may appear. The
oscillator’s practical realization is based
fully on microstrip technology. The
frequency spectrum dynamics is controlled
by varying the length of the microstrip
transmission line (the time-delay) in the
feedback and the voltage applied to the
varactor and to the transistor gate, which
allows one to easily change the oscillator’s
dynamics from periodical to multi-
frequency and to chaotic. Experimental
results demonstrated wireless transmission
of abinary code (0, 1) at rates of up to 350 Mbps.

2. Microwave radiometers for remote
sensing applications

The research activities were focused on
experimental data  processing  and

algorithm  selection and evaluation
according to the program of the project
“Design and development of a Dicke-type
microwave X-band radiometer and its
utilization for environmental
investigations”, included in the Bulgarian-
Vietnamese intergovernmental program
for cooperation in science and technology.
The data gathered during the experiments
for remote sensing of soil moisture of
rough bare soil and sea surface in Vietnam
in  November 2009 using the X-band
radiometer XRM (10.9 -11.15 GHz) were
processed and thoroughly analyzed.
Different algorithms for soil roughness
correction  were  investigated  and
compared. The estimates of volumetric
soil moisture compare well with the
corresponding ground-truth soil moisture
data. The effectiveness was confirmed of
the procedure proposed for estimating the
soil roughness correction using
radiometric data for dry soil state. The
recently proposed original algorithm for
estimating the sea brightness temperature
using a C-band radiometer mounted on the
deck of a small wooden ship was modified
and successfully tested with XRM
experimental data at vertical polarization.
Corrections were made for the reflected
sky brightness temperature and the wind
effects.

The results confirmed that the
radiometer XRM is a valuable tool for
remote  sensing investigations and
monitoring of the environment.
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3. Tropospheric ducting

The propagation conditions over water
are complicated by the formation of
tropospheric ducting structures which are
among the major multipath and short-term
interference mechanisms affecting the
performance of microwave radars and
communications systems. A  recently
published surface ducts statistics for the
region of Bosporus was used to study the
multipath fading frequency dependence
over the sea under ducting conditions. The
simulations encompass four hypothetical
LOS microwave links and are based on the
parabolic equation method which provides
a full-wave solution to the path loss
problem. The roughness of the sea surface
was included in the study.

4. Contemporary science metrics
methods for assessment of scientific
publications: Hirsch's index

The  Hirsch's  methodology  for
assessment of scholarly publications was
reviewed. The methodology is centered on
an index, known also as the h index, which
has lately attracted a lot of interest. Using
illustrative graphs, it was demonstrated
that by virtue of its conception, the h index
evaluates highly scientists who are both
productive and conduct high-quality
research. In contrast, the value of h is low
for people with a lot of publications, which
do not gain much citations and for people
whose citations come from few highly
cited publications.

In order to assess the availability and
applicability of the Hirsch's method to the
Bulgarian scientific community, the h
index data were retrieved and analyzed for
all employees of one local scientific
institution, selected on the basis of
conducting both basic scientific research
and R&D activities. It is shown how h data
can be used to evaluate the promotion
policies in the past as well as to suggest
measures for improvement. Finally, the
subsample of all researchers that had

undergone a habilitation promotion for the
period 2005-2010 was studied in detail.
For this subsample, other science metrics
indicators were considered as well: total
number of publications, total number of
citations and mean number of citations per
paper. The h index and the h index
corrected for self-citations were then
calculated as of the specific year of
habilitation. On this basis we suggested a
simple habilitation threshold.

PUBLICATIONS

1. Atanasov IS and Hou M 2010
Thermodynamic properties of Au-Pd
nanostructured surfaces studied by
atomic scale modelling Phys. Status
Solidi C 7 2604-2607

2. Taslakov M A and Avramov 1D
2010 Method for nondestructive
testing of the film coating behavior
of surface acoustic wave (SAW)
sensors J. Phys.: Conf. Series 223 1
012042 ISSN 1742-6596

3. Vulkova L, Damjanova M, Krusteva E,
Dikovska A, Atanassov V and
Yordanov O 2010 Contemporary
science metrics methods for scholarly
publication assessment:  Hirsch’s
index Nauka 20/5 29-35

4. Sirkova | 2100 On the frequency
dependence of multipath fading over
the sea: simulations based on a
surface ducts statistics COST 10"
MCM 3-5 February 2010 Athens
Greece p 7 TD(10)10040

5. Sirkova | 2100 Parabolic equation
method applied to coastal and
maritime microwave links modeling
— a brief review COST 1C0802 3"
MCM 26-28 Apr. 2010 Athens
Greecep 8

6. Cartaleva S, Gosh P, Mitra S, Petrov N,
Ray B, Sarkisyan D, Slavov D and
Subov P 2010 Coherent population
trapping resonances in micrometric
cell filled with Cs vapor Proc. 12"
Int. School-Seminar Luminescence and
Laser Phys. Houzhir Russia pp 3-5



66

Laboratory Microwave Physics and Technologies

Yurukova L C, Kolentsov K M,
Radeva R 1, and Subov PT 2010
Electroluminescent indicator
elements with improved parameters
Proc. 12" Int. School-Seminar
Luminescence and Laser Phys.
Houzhir Russia p 231

Cartaleva S, Sarkisyan A, Sarkisyan D,
Slavov D and Zubov P 2010
Electromagnetically induced trans-
parency resonances in nanometric-
thickness Cs-vapor layers Proc. 10"
Int. Conf. Solid State Chemistry:
Nanomater. & Nanotechnol.
Stavropol Russia pp 200-203
Koutzarova T, Kolev S, Subov P,
Nedkov I, Ghelev Ch and Zaleski A
2010 Influence of the preparation
methods on the structure and
magnetic properties of nanosized Al-
substitution ~ barium  hexaferrite
powders Proc. 10" Int. Conf. Solid
State Chemistry: Nanomater. &
Nanotechnol. Stavropol Russia pp
257-258

ONGOING RESEARCH PROJECTS

Financed by the National Science Fund

1.

BV-3/07 Design and development of
a Dicke-type microwave X-band
radiometer and its utilization for
environmental investigations.
Co-financing by COST Action
MPO0801, Physics of Competition and
Conflicts.

COLLABORATIONS

1.

Design and development of a Dicke-
type microwave X-band radiometer
and its utilization for research on
natural resources and environment
Institute of Space Technology -
Vietnamese Academy of Science and
Technology, Hanoi, Vietnam.

LABORATORY VISITS

1.

I. Sirkova,

Action 1C0802 of COST European
Program, Athens, Greece.

O. Yordanov,

Second Annual Meeting, European
COST Action MP0801, Physics of
competition and conflicts, Sunny
Beach, Bulgaria.

O. Yordanov,

African University of Science and
Technology, Abuja, Nigeria.

I. Atanasov,

Free University of Brussels, Belgium.
K. Kostov

Research Center Juelich, Germany.
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LABORATORY

MICROWAVE MAGNETICS

HEAD: Prof. I. Nedkov, Dr.Sc.

TOTAL STAFF: 7
RESEARCH SCIENTISTS: 7
Assoc. Prof. K. G. Grigorov, Ph.D.; Assoc. Prof. T. Koutzarova, Ph.D.;
S. Kolev, Ph.D.; Ch. Ghelev; T. Merodiiska; L. Slavov.

RESEARCH ACTIVITIES

The Microwave Magnetic Laboratory
has long years of experience in studying
the processes of electromagnetic radiation
interaction with magnetic media.

The research activities of the laboratory
staff are interdisciplinary and able to com-
bine technological approaches with physi-
cal studies. In the past year we have fo-
cused our efforts on the preparation and
investigation of nanomagnetic materials —
particles, hybride structures, composites,
thick films. The rapid development of the
nanotechnologies allowed the preparation
of nanosized magnetic particles, which, in
turn, opened possibilities for applications
of monodomain and superparamagnetic
hybrid structures in electronic components.
The main tasks in this respect had to do
with studying magnetic multiferroics.
Multiferroic materials, in which long-
range magnetic and ferroelectric orders
coexist, have recently been of great inter-
est in the fields of both basic and applied
sciences. In particular, those exhibiting a
ferroelectric transition inducing a certain
kind of magnetic ordering are of much in-
terest, because in such systems the effects
of coupling between magnetism and elec-
tric polarization are expected to give rise
to new physical phenomena. The Y-type
hexagonal ferrites are an important type of
high-frequency soft magnetic materials
due to their strong planar magnetic anisot-
ropy. Owing to its planar magnetocrystal-
line anisotropy and high permeability, the
Y-type hexaferrite is attractive for practi-

cal applications, such as microwave de-
vices. The Y-type hexagonal ferrite
Ba,Mg,Fe1202, is a multiferroic material.
It has a relatively high spiral-magnetic
transition temperature (~200 K), shows
multiferroic properties at a zero magnetic
field, and the direction of the ferroelectric
polarization can be controlled by a small
magnetic field (< 0.02 T).

We studied the magnetic properties of
nanosized Ba,Mg,Fe120,; powder ob-
tained by citrate auto-combustion synthe-
sis. The powder consists of agglomerates
with mean crystallite size of 100 nm. The
Rietveld refinement of the crystal structure
of the Ba,Mg,Fe1,0,, sample revealed
that, in contrast to the BayZn,Fe;20,;
structure where the Zn?* cations occupy
only tetrahedral cation positions, the Mg**
cations are distributed over all cation posi-
tions leading to mixed occupancies of po-
sitions in the cation sublattice. The Riet-
veld refinement confirmed the rhombo-
hedral symmetry of the structure with unit
cell parameters (a=5=5.8694(1) A and
c=43.4962(1) A; hexagonal setting). The
occupancies obtained and the unit cell pa-
rameters are close to the corresponding
values given for single  crystal
Ba,Mg,Fe12,02. The magnetic properties
of the powder were investigated at 4.2 K
and at room temperature. The values
measured of the magnetization M at a
magnetic field of 60 kOe are 22.78 emul/g
and 30.47 emu/g at room temperature and
4.2 K, respectively. A phase transition
from ferromagnetic to spiral spin order
was observed at 183 K, together with a
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transition to longitudinal-conical spin state
below 40 K (Figure 1). The presence of
these two effects is a precondition for this
material’s exhibiting multiferroic proper-
ties and are important for the realization of
Ba,Mg,Fe1,0,, as a multiferroic com-
pound.
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Figure 1. Temperature dependence of the ac dif-
ferential magnetization of Ba,Mg,Fe;,0,, in an ac
magnetic field with amplitude 10 Oe and frequency
1000 Hz: a) M'(T) — the real part of the differential
magnetization; b) M"(T) — the imaginary part of the
differential magnetization.

Ferrofluids were also among the im-
portant objects of investigations in the La-
boratory.

Raman spectroscopy was used to inves-
tigate hybrid nanoparticles (magnetite/p-
cyclodextrin) dispersed in suspensions. A
new approach was presented for direct
probing of the structural stability and
chemical composition of magnetite core in
a ferrofluid via Raman  micro-

spectroscopy. Using an open home-made
Al-foil container, with the laser beam fo-
cused on the fluid surface, we were able to
detect a signal with intensity sufficient for
assignment. We found that laser power of
4.60 mW at A_ = 633 nm is the most suit-
able for examining structural features of
magnetite nanoparticles in ferrofluids
without laser-induced hematite contamina-
tion. The data was compared with data
from dry by-products from the fluids.
Powder samples underwent a total phase
transition from magnetite to hematite at a
laser power of 1.95mW. The same
nanoparticles in the fluid underwent trans-
formation at 9 mW, but no hematite posi-
tions appeared throughout that investiga-
tion.

Figure 2 (a), (b) and (c) illustrate Ra-
man spectra of the magnetite ferrofuids at
a stepwise increase of the laser power. The
first Raman signals sufficient for discus-
sion were obtained at a laser power of
1.95 mW for B2 and B3 ferrofluids indi-
cating a strong concentration dependence.
For the most diluted sample B1, no signal
was retrieved until the laser power was
raised to 9 mW. At 1.95 mW in both B2
and B3 spectra, a single peak at 668 cm™
could be seen, which we attributed to the
strongest magnetite band position. The fact
that the peak around 670 cm™ increases its
intensity while retaining its shape in both
B2 and B3 ferrofluids at 4.63 mW is a
clear signal for the very good structural
and chemical stability of the magnetite
core. The development of a distorted layer
onto the nanoparticle’s surface is to be ex-
pected, but such a high content of the main
magnetite phase in the fluids can be re-
garded as a surprise. Judging from the
relative intensities ratio about the 670 cm™
band and the bands in the region 200 cm™
to 580 cm™’, it is evident that the fluid
have their main magnetite phase better
protected compared with the powder
obtained by draying the fluids.

At the experimental conditions men-
tioned, laser power of 4.60 mwW for
A =633 nm, is the most suitable for exam-
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ining structural features of magnetite
nanoparticles in ferrofluids.

In our previous investigation based on
Massbauer measurements, we showed that
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Figure 2. Raman spectra of magnetic fluids: a) B1;
b) B2 and c) B3. Inserted pictures illustrate the
fluid concentrations.

the surface of dry magnetite nanoparticles
has a defective structure spanning around
30 % of its volume [I. Nedkov, Journal of
Optoelectronics and Advanced Materials,
1 (2007) 24-29]. The studies performed in
the past year supported this assumption,
with the Raman micro-spectroscopy being
able to distinguish clearly a stoichiometric
magnetite as a main phase in the ferroflu-
ids, which is evidence that the fluids have
their main magnetite phase better protected
compared with the dry powder.

In the framework of a bi-lateral joint re-
search agreement entitled “Magnetic,
structure and microwave properties of thin
films obtained from barium-hexaferrite
powder” between the Bulgarian Academy
of Sciences, represented by the Institute of
Electronics, and the Institute of Aeronau-
tics in Brazil, the following can be re-
ported:

1. A new technological approach was

developed for synthesizing a large solid
target of BaFe;,019 powder. A thin film
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was deposited by means of RF magnetron
sputtering from this target at room tem-
perature.

2. The thin films obtained were not homo-
geneously distributed and showed weak
adhesion to the substrate. The latter is
probably due to the higher working gas

bamg_kg_300anm. 001 obr

Y-range: 300 nm

“150 i 150
¥orange: 300 rm

partial pressure, a requirement resulting
from the screening effect of the magnetron
lines from the magnetic target. A new
thinner target construction is envisaged in
order to avoid the higher working pressure.
A tiny heating system will be constructed
also, rising the temperature up to 350 °C.

300.0 nm
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Figure 3. AFM 3D scan of the Y-type Ba,Mg,Fe;,0,, powder material (top left), with statistics for the grain

size distribution.

We also performed atomic force mi-
croscopy of a Y-type Ba,Mg,Fe;202
powder sample deposited by original spin-
coating technology developed in our labo-
ratory. The analyses were carried out by
using a Veeco AFM in dynamic mode.
The statistics of the grain size distribution
yielded a mean value of 30 nm. The thin

films obtained were very smooth, with
roughness of 1.34 nm, which qualifies
them as suitable for recording surfaces.
These results are unique and promising.
The magneto-optical devices for high-
quality and reliable records have reached
the limits in their capabilities. The best
media have 2.3 Gb capacity squeezed onto
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90 mm disks. The successful implementa-
tion of the new nano-sized powder ferrites,
such as BaFe;,019 material and the conse-
quent deposition of thin films will allow an
increase of the media capacities up to 40
Gb. New experiments, such as a micro-
heating system, Helmholtz coil for in-situ
domain orientation and reducing the target
thickness are envisaged. Additional struc-
tural and magnetic measurements (MFM)
of the obtained thin film are foreseen.

For the purpose of an alternative depo-
sition method, a set of experimental and
theoretical research is being considered in
order to optimize a microplasma jet work-
ing at atmospheric pressure (see references
7 and 8).
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PATENTS

1. Nedkov I, Merodiiska T,
Patent Ne 65609 Method for prepara-
tion of nanosized ferrite particles.

ONGOING RESEARCH PROJECTS
Financed by the National Science Fund

1.  Project DID 02/38/2009 New mate-
rials for electronics and ecology
based on biogenic iron oxides of
nanosized ferrite particles.

2. Project DO 02-224/2008 New mag-
netic and magneto-electric materials
for the new generation of electronic
elements.

3.  Project DO 02-343/2008 Oriented
BaFe;1,019 layers for microwave ele-
ments.

4.  Project DO 02-99/2008 Thick ferrite
films preparation by deposition in a
magnetic field.

Financed by other sources

1. Nanosized ferrite materials for mi-
crowave absorption and protection
from MW radiation, financed by
WEFS, Flanders, Belgium (2009-
2010).

COLLABORATIONS

1. Structural investigation of multiferroic
materials based on oxide with
perovskite and hexagonal structure,
University of Liege, Liege, Belgium.

2. Surface anisotropy and magnetic be-
havior in superparamagnetic ferrox-
ides particles with two and more mag-
neto-crystalline sublattices,

Institute of Low Temperatures and
Structure Research, PAN, Wroclaw,
Poland.

3. Magnetic Structural and Microwave
properties of new thin films composite
materials,

Instituto Tecnologico de Aeronautica
(ITA), Brazil.

LABORATORY VISITS

1. K. Grigorov - Instituto Tecnologico
de Aeronautica (ITA), Brazil, Mag-
netic, structural and microwave
properties of new thin films compos-
ite materials, 6 months.

2.  T.Koutzarova — University of Liege,
Belgium, Structural investigation of
multiferroic materials base on oxides
with perovskite and hexagonal struc-
ture, 14 days.

3. T. Koutzarova — Josef Stefan Insti-
tute, Ljubljana, Slovenia, DO 02-99
Preparation of thick ferrite coatings
by deposition in magnetic field, 4
days.



73

Annual Report IE 2010

4. S. Kolev - Josef Stefan Institute,
Ljubljana, Slovenia, DO 02-99
Preparation of thick ferrite coatings
by deposition in magnetic field, 1
month.

GUESTS

1. Prof. M. Ausloos from University of

Liege, Belgium, 5 days, Joint Re-
search Project Structural investiga-
tion of multiferroic materials base on
oxide with perovskite and hexagonal
structure between IE-BAS and Uni-
versity of Liege, Belgium.

Dr. Saso Gyrgyek, Josef Stefan In-
stitute, Ljubljana, Slovenia, 5 days,
DO 02-99 Preparation of thick fer-
rite coatings by deposition in mag-
netic field.

Slavko Kralj, Josef Stefan Institute,
Ljubljana, Slovenia, 5 days, DO 02-
99 Preparation of thick ferrite coat-
ings by deposition in magnetic field.
Simona Ovtar, PhD-student, Josef
Stefan Institute, Ljubljana, Slovenia,
5 days, DO 02-99 Preparation of
thick ferrite coatings by deposition
in magnetic field.
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LABORATORY

PHYSICAL TECHNOLOGIES

HEAD: Assoc. Prof. R. Enikov, Ph.D.

TOTAL STAFF: 6
RESEARCH SCIENTISTS: 5
Assoc. Prof. I.N. Martev, Ph.D.; Assoc. Prof. Ts.D. Uzunov, Ph.D.;
D.A. Dechev; N.P. lvanov; N. Lutakova.

RESEARCH ACTIVITES

1. Nanolaminated TiN/W,N hard multi-
layer coatings

Multilayer coatings consisting of suc-
cessively deposited thin films of nanomet-
ric thickness of homologous compounds of
transition metal are characterized generally
by better mechanical properties compared
to those of single film coatings from the
respective compound. Such type of
monolayer coatings, termed as nanolami-
nated structures (or super-lattices), are
often formed on the basis of transition
metal nitrides that characterized on their
own by good mechanical properties (hard-
ness, wear-resistance). A generally ac-
cepted physical model for explanation of
this effect is the blocking of dislocations in
the interfaces of single layers. The thick-
ness of the interfaces usually increases due
to the effect of interdiffusion of the ele-
ments involved. Forming high-quality
coatings requires suppressing the interdif-
fusion processes, which can be achieved
through decreasing the growth temperature
and, to some extent, the thickness of a sin-
gle layers. The activities on this topic are
continuation of the work of a previous
stage related to optimizing the deposition
of TiN/W5N thin films and investigating
their characteristics, mechanical properties
and adhesion. The work was performed in
the framework of research project “Physi-
cal characteristics and mechanical proper-
ties of monolayer nanostructures of com-

plex nitrides of transition metals”, funded
by The National Science Fund of Bulgaria.

Nanolaminated TiN/W,;N multilayer
structures were synthesized by alternative
deposition of TiN 1 W5N thin films using
DC magnetron sputtering. The deposition
was preceded by a process of ion treatment
of the substrate surfaces in argon gas dis-
charge at high pressure for enhancing the
coating adhesion to substrates of different
types (tool steel, hard alloyed materials).
The deposition was performed in a process
gas mixture of nitrogen and argon in dif-
ferent ratios for the two types of films.
Special attention was paid to decreasing
the deposition temperatures as to make it
suitable for the synthesis of polycrystalline
TiN n W,N with the desired phase. The
thickness of the films was significantly
reduced to about 6-6.5 nm. Twenty pairs
of TiN n W;N films were grown for analy-
sis and characterization. 105 pairs (2x105
TiN/W;N NLMLYS) of the same films were
synthesized for the investigation of their
mechanical properties.

The structure characteristics were ana-
lyzed by transmission electron microscopy
(TEM) and cross-section scanning electron
microscopy (CSSEM) with very high reso-
lution. The results show that the growth of
the structures in initial stages is smooth,
uniform and homogenous. Further, a small
deviation from the planarity is observed as
a result of stress accumulated by defects
presumably generated in the interface
zones. For the complex characterization of
the structures, some investigations and
analysis are foreseen, namely, Rutherford
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back scattering (RBS) and X-ray Diffrac-
tion (XRD).

Mechanical properties of the 2x105
TiN/W,N NLMLS were investigated by a
FISHERSCOPE H100 nanotester, namely
hardness, Young’s modulus, energy of
plastic deformation, etc. The results show
that these structures possess extremely
high hardness (50-60 GPa) comparable
with the best examples of super lattices
based on transition metal nitrides. The
adhesion was tested qualitatively by Rock-
well-C Indent Test and was evaluated as
acceptable. Wear resistance was tested by
the so called “KALO - Test” (erasing the
film by a rotating metal sphere). The
morphology was observed by a Minicon
Optiphot metallographic microscope.

2. Technology for coating deposition of
Cr-Ni alloy and Ti on hard polymers

A technology was developed for coating
deposition of Cr-Ni alloy and Ti on hard
shock resistance polymers. The aim was to
improve the working characteristics of
those materials. Pretreatment processes,
such as mechanical and chemical cleaning,
were applied and their influence on the
adhesion was tested. Other process pa-
rameters, e.g., the electric parameters of
the magnetron discharge, the argon gas
pressure and the ion etching duration, were
varied and their impact on the adhesion
was observed. The Vicker’s microhardness
(HV) for different combinations of the
film-substrate pairs was measured. Values
from 50 to 150 MPa were measured which
is about 20% higher than those uncoated
polymers.

PUBLICATONS

1. Martev | N, Dechev D A, Ivanov N P
and Kashchieva E P 2010 Nanolami-
nated TiN/MO;,N hard multilayer coat-
ings J. Phys.: Conf. Series 223 012019
(ISSN 1742 - 6588)

2. Milusheva P, Uzunov T and Ivanov N
2010 Research on the surface char-
acteristics of Ti and Fe-Cr-Ni alloy
thin films on polymeric substratum
J. Balkan Tribological Association
3 16 564-569 (ISSN 1310-4772)

ONGOING RESEARCH PROJECTS

Financed by the National Science Fund
of Bulgaria

F-1514 Physical characteristics and me-
chanical properties of multilayer nanos-
tructures of complex nitrides of transition
metals.

Financed by the Bulgarian Academy of
Sciences

Working characteristics of metal-nitride
coatings obtained in vacuum.

Financed by the Technical University of
Sofia

Working characteristics of Cr-Ni allow
coatings obtained by ion sputtering in vac-
uum.

COLLABORATIONS

Deposition and investigation of mechani-
cal properties of nanostructured multilayer
systems of transition metal nitrides,
Nanotechnology Centre for PVD Re-
search, Materials and Engineering Re-
search Institute, Sheffield Hallam Univer-
sity, UK.



SELECTED PROJECTS

e Modeling and simulation of gyrotrons for ITER

e New material fabrication by electron-beam melting
of wastes of titanium, hafnium and tantalum

e Laser interaction with gold nanoparticles and
nanostructures: Fundamentals for photo-thermal
cancer cell therapy and high sensitivity Raman
spectroscopy

e New narrow resonance in the fluorescence of
closed optical transition observed in nanometric
Cs — vapor layers

e Resolving the plasma electron temperature
pedestal in jet from Thomson scattering core
lidar data

e Development of interdisciplinary thinking and
training of young scientists working in the field
of light-matter interactions
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EC-Project EURATOM of FP7

Contract Ne FU07-CT-2007-00059/Fusion CSA/EURATOM

MODELING AND SIMULATION OF GYROTRONS FOR ITER

S. Sabchevski', M. Damyanova, I. Zhelyazkov?, P. Dankov?, P.Malinov?, E. Vasileva®,
R. Enikov', V. Atanasov'

'Emil Djakov Institute of Electronics,
Bulgarian Academy of Sciences, 72 Tsarigradsko Chaussee, 1784 Sofia, Bulgaria,
Association EURATOM-INRNE
2Faculty of Physics, St. Kliment Ohridski University of Sofia,
5 James Bourchier Blvd., 1164 Sofia, Bulgaria
Association EURATOM-INRNE

1. Introduction

The modeling, simulation and computer
aided design (CAD) based on numerical
experiments are essential tools in the
development, optimization and study of
high-power gyrotrons used for electron
cyclotron resonance heating (ECRH) and
electron cyclotron current drive (ECCD) of
magnetically confined fusion plasma in
various thermonuclear reactors, including
ITER and DEMO [1]. The research on this
topic is being pursued as Task 2.1.2 De-
velopment of numerical codes to describe
the behavior of high-power gyrotrons of
the Association EURATOM-INRNE by a
Bulgarian team from the Institute of Elec-
tronics of the Bulgarian Academy of Sci-
ences (IE-BAS) and the Faculty of Physics
of the Sofia University (FP-SU) in a col-
laboration with the Institute for Pulsed
Power and Microwave Technology at KIT
(IHM-KIT), Karlsruhe, Germany and the
Centre de Recherches en Physique des
Plasmas at Ecole Polytechnique Fédérale
de Lausanne (CRPP-EPFL), Switzerland.

The main aims of the work are: (i)
formulation of adequate, self-consistent
and informative physical models; (ii) se-
lection of efficient numerical methods and
algorithms, programming libraries, inte-
grated development environments (IDE),

software for code optimization and debug-
ging and their implementation and usage
in the numerical codes for simulation of
gyrotrons; (iii) development of pre-
processing, processing and post-processing
modules;  (iv) maintenance, testing,
benchmarking and improvements of the
codes; (v) planning and conducting
numerical experiments; (vi) analysis of the
results and their use in the course of the
computer aided design (CAD) of
optimized constructions of gyrotrons with
improved performance (e.g., increased
efficiency and stability of the output
parameters in a CW mode of operation).
An essential task of the planned work is
also the integration of all available
simulation tools (newly developed and
various legacy codes) in a set of problem
oriented software packages.

These activities are motivated by the
problems that are being experienced in the
development of the latest generation of
multi-megawatt tubes and are in fact a
continuation of the preceding investiga-
tions in this field. It is expected that the
research in the aforementioned area will
yield a better insight in the underlying
physical processes that influence both the
stability and the efficiency of the
extremely high-power (megawatt class)
gyrotrons and will facilitate the CAD of
novel tubes with improved performance.
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2. Numerical codes and computational
platforms

The structure of the simulation software
maintained and developed is presented in
figure 1 together with the computational
platforms on which the different packages
are operational. Although some of them
(e.g., DAPHNE, ESRAY, CAVITY-IHM,
and various components of GYROSIM)
are well validated, benchmarked and
debugged, they are undergoing constant
adaptation and upgrade to the ever-
changing computational environments
(hardware, operating systems, novel
versions of the compilers and numerical
libraries). Alongside with the maintenance
of these codes and their usage in numerical
experiments, we are working on the further
development of the GYREOSS [2, 3] and
GYROSIM [4] packages.
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Figure 1. Structure of the software packages for
simulation of gyrotrons and computational plat-
forms on which they are operational and used by
the Bulgarian research team.

GYROSIM is a heterogeneous package
that includes a large number of codes for
simulation of the electron-optical system
(EOS), resonant cavity and the quasi-
optical system using 2D and 2.5D physical
models. GYREOSS is specialized only to
the EOS but is based on the recently
proposed 3D physical model [5].

The development of novel codes
follows a concept [6, 7] characterized by
the following requirements: (i) portable
(developed on laptops, run on workstations,
supercomputers, clusters, Grid); (ii) extensible

(possessing flexibility in adding new physics);
(iii) efficient (using optimal numerical
methods and algorithms and utilizing parallel
calculations for minimization of the required
computational resources); (iv) well validated
(being able to recover the results of the 2-1/2D
numerical codes); (v) user friendly (offering
convenient pre- and post-processing and
visualization, as well as comprehensive and
detailed documentation).

3. Current status of the work on
GYROSIM and GYREOSS packages

During 2010, two new components for
analysis and design of quasi-optical
systems (mode converters, Vlasov and
Denisov type launchers, and transmission
lines) were added to the GYROSIM. One
of them is the COMODES code, which is
based on the coupled mode theory. The
second one, called TRACE, can be used
for tracing the beam propagation through a
set of phase-correcting mirrors in the
geometric optics approximation. The work
on the development of a novel quasi-
optical code utilizing the boundary
element method (BEM) and a parallel mul-
tilevel fast multiple algorithms (MLFMA)
for the solution of the electric field integral
equations (EFIE) is also in progress now.

The first version (prototype) of the
GYREOSS was built around the GetDP
[8] solver and some of the essential com-
putational, pre- and post-processing mod-
ules were integrated using gmsh [9], a
CAD and mesh-generating package. The
next step of its development was the deci-
sion to replace GetDP with another more
powerful and efficient solver that would
allow a parallelization of the entire code.
During 2010, novel solvers for calculation
of the electrostatic and magnetostatic
fields appropriate for the PIC algorithms
were developed utilizing the FreFEM++
[10] language and the functionality of this
powerful numerical tool. In this novel
solver, the boundary value problem for the
Poisson equation is solved in a mixed
finite element formulation. An important
advantage of this mixed (aka system)



Annual Report IE 2010

81

formulation of the Poisson equation with
Dirichlet and  Neumann  boundary
conditions is the possibility to approximate
the electric field with accuracy higher than
when  applying the  conventional
formulation and calculating it through nu-
merical differentiation of the potential.
This is especially important for the PIC
method since in order to trace the particles
motion, the electric field rather than its
potential is required for the calculation of
the Lorentz force.

Screenshots illustrating both the GUI
and the visualization capabilities of
GYREOSS are shown in figures 2 and 3.

nnnnnn

Figure 2. Screenshot of GYREOSS showing both
the 2D and 3D meshes of a coaxial gyrotron.

Figure 3. Potential distribution visualization cross-
section in a coaxial gyrotron.

The novel modules for calculating the
magnetic field produced by a set of sole-
noids that form the magnetic system of the
gyrotron implements the same theory as
the previous version (i.e., the one which
was embedded in the prototype of the
GYREOSS) but has been realized as a
standalone program for computation of the

magnetic field along the longitudinal axis
and/or over a grid (map) covering the
computational domain and scripts (in the
FreeFEM++ language) for evaluation of
the magnetic field in the current particle
position. The off-axis components of the
magnetic induction can be calculated from
the paraxial series expansion or using the
Lagrange interpolation on the underlying
background mesh (map).

4. Conclusions and outlook

The main results of the work under the
project during 2010 can be summarized as
follows:

The research team maintains and
continues to develop a great number of
software tools (most notably GYROSIM
and GYREOSS) for simulation and CAD
of gyrotrons that are operational on diverse
computational (hardware) platforms.

The main advancements related to the
GYROSIM software package are the
addition of new components for simulation
of quasi-optical systems (mode converters,
launchers, transmission systems) and the
beginning of the development of computer
codes employing multilevel fast multiple
algorithms (MLFMA) for simulation of
quasi-optical systems described by models
that are formulated through electric field
integral equations (EFIE). The other two
important components, namely CUN-
MIG/CUSP and MMTDCC (multimode
time dependent cavity code) were revised
improving their program implementation
in a number of subroutines. The entire
heterogeneous package GYROSIM was
successfully  ported (alongside  with
ESRAY and KIT-CAVITY) to the novel
workstation ITER II, configured in 2010.
Now it is fully operational under Ubuntu
Linux.

The new solvers for GYREQOSS allow a
promising parallelization of the entire
code. This, however, requires the devel-
opment of new modules for tracing the
relativistic particle dynamics (particle
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pusher). We plan to begin a preparation for
this challenging task in 2011 by testing the
experimental parallel version of the Free-
FEM++ package.

A series of numerical experiments for
analysis of both the electron-optical
system (EOS) and the electro-dynamical
system (resonant cavity) in both conven-
tional and coaxial gyrotrons was carried
out using the latest versions of the
packages ESRAY and CAVITY during a
mobility visit of a member of the Bulgar-
ian team to KIT-IHM.

Visualizations of the simulation results
performed using COLDC and SELFT
codes of the package CAVITY are shown
in figure 4.
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Figure 4. Simulation results from the analysis of
the resonant cavity carried out by the CAVITY
package.

The results of these simulations: (i) give
a deeper physical insight into the operation
of high-performance gyrotrons of the
megawatt class; (ii) are benchmarks that
demonstrate the improved performance of
the upgraded codes; (iii) suggest some
further experiments for more detailed
study of the correlation between the beam-
quality parameters and the efficiency of
any particular design (configuration of the
electrodes, tailoring of the magnetic field
profile etc.).

We plan to continue the development of
the aforementioned  problem-oriented
software packages and their use for inves-
tigaton and CAD of powerful gyrotrons.
More detailed information about the cur-
rent status of the work on the GYREOSS
is available at the project’s website. A
screenshot is shown in figure 5.
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Figure 5. Screenshot of the website of GYREOSS
at http://gyreoss.wikidot.com.
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Bulgarian Academy of Sciences, 72 Tsarigradsko Chaussee, 1784 Sofia, Bulgaria

1. INTRODUCTION

Electron-beam melting and refining
(EBMR) is a widely used technique in the
special electro-metallurgy, as it takes place
in vacuum (in the order of 10~ Pa), uses
water-cooled crucibles and offers a
possibility to increase the metal
temperature to high values (up to 1.3-1.5
of the melting temperature of the material
Tm) [1,2]. The energy of the heating source
in this techniqgue can be controlled
independently of the melted material
properties, of the cross-section dimensions
of the re-melted material, of the volume of
the molten metal pool and of the design
features of the crucible used. All this
extends one’s ability to control the speed
of melting or the speed of crystallization of
the casting ingots and, therefore, the
quality of the manufactured metals.

This modern environmentally-friendly
technique is an effective process even for
refractory and reactive metals and their
alloys (W, Zr, Ta, Hf, Nb, Mo, Ti etc.)
[2-4]. These materials are characterized by
a high melting temperature, generally
1800°C or higher and have unique
chemical, physical, mechanical and
electronic properties that provide material
solutions across a wide spectrum of
industries - metallurgy, power industry,
medicine, chemical industry, electronics,
military industry, nuclear power industry
etc. The process of recycling scrap of
refractory elements, reactive metals
elements and alloys by applying the
electron-beam technique results not only in
reducing the scrap quantity, but also in
reusing these expensive metals and alloys
with unique properties. The world’s
reserves of these metals are extremely

limited, which makes them expensive and
strategic resources. The production process
of each one of these metals is unique.
Selective removal of impurities from the
used metals is important because in
previous applications or processing the
metals are often enriched with impurities.
The optimization of the process and
equipment designs is a difficult task due to
unknown process parameters that are
difficult to be directly measured. We
carried out investigations on the relations
between the process parameters and the
impurity composition during EBMR of Ti,
Ta and Hf. The aim was improving the
composition and quality of the produced
metals as well as choosing optimal process
conditions.

2. PROCESS DESCRIPTION

Drip melting is the classical method for
processing refractory metals. Raw material
in the form of bars is fed horizontally or
vertically (figure 1) in a vacuum
environment and is drip-melted directly
into the withdrawing bottom of a copper
water-cooled crucible (figures 1, 2). The
refined metal is extremely pure due to the
lack of contact with the ceramic pot
surface  typical for  conventional
metallurgical re-melting technologies.

A schematic diagram of an electron-beam
drip-melting furnace is shown in figure 2.
The process takes place in a vacuum
chamber 1; electron beams 3 are formed
and directed by one or several electron
optical systems 2 to the interaction zones -
on the bar being re-melted and on the top
surface of the liquid pool of the cast ingot.
The electrons hit the refined metal 4 and
heat it, and the molten metal in the form
of drops 5 falls in a copper water-cooled
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Figure 2. Schematic diagram of the of
electron beam drip-melting process.

crucible 6 with a moving bottom 7 where
it solidifies. The surface of the molten
metal in the crucible is also heated by the
electrons.

Very often the raw material is fed into
the melting space after compaction by cold
pressing (without oil) or after casting and
welding tablets as compact ingot (4 in
figure 2). Another important possibility is
the re-melted scrap or raw material
(sponge as example) to be fed as small
particles utilizing a vibrating or screw-like
feeding mechanism.

During the EBMR, the droplets formed
on the front surface of the feeding rod fall
on the surface of the molten pool situated
on the upper part of the cast ingot
(figures 1, 2). At the same time, the

electron beams heat this surface thus
keeping it molten. The liquid pool surface
is maintained at a constant level suitable to
be viewed by an operator and allowing
adequate withdrawal (continuously or by
small steps) of the bottom of the growing
cast ingot. Refining is based on degassing
and selective evaporation of metallic and
non-metallic  impurities  with  vapor
pressure higher than the vapor pressure of
the re-melted base material. Existing solid-
phase inclusions could float or be
dissolved in the molten metal, so that
repeated re-melting of the first-melt-ingots
is required to achieve the required final
quality of the metal treated. Repeated
re-melting is often carried out by vertical
feeding due to the more uniform
irradiation of the molten pool surface.

The blocks produced by EBMR have
homogenous  microstructure,  without
defects (segregation of the components,
pores, etc.), with uniformly distributed
impurities and more isotropic mechanical
properties. Metals such as W, Ta, Ti, Nb,
Mo, Zr, Hf, V, Pt, Cu, alloys, steels and
precision alloys based on Fe, Ni, Co and
Cu are produced by this flexible
technology. EBMR plants manufacture
samples ranging from small pure-metal
tablets of a few grams to large-scale ingots
weighting up to 5 000-25 000 kg. At the
same time, the control over the
composition and the inclusion of the metal
alloys remain a delicate problem not yet
completely solved.

The main parameters of the melting
process under the operator’s control are:
beam power (and beam current because
usually the accelerating voltage is constant
during melting); beam focusing current
(which defines the average power density in
the beam spot on the molten material);
melting rate and/or casting velocity, or
speed of feeding and pulling, together with
the cross-section and density of the
transported metal (which define the residual
times of molten metal in the hearth and in
molten pool). Using a deflection control
unit, the operator moves the beams on the
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molten surface. The frequency and
trajectory of the beam deflection, together
with the beam energy and the energy
densities chosen as well as the material
thermo-physical ~ parameters and the
dimensions of hearth and crucible
determine the heating flows, mass transport
in the molten pool and the evaporation
rates.

3. EBMR OF TITANIUM

Electron beam melting and refining of
Ti was performed using a 60-kW
equipment (ELIT-60) with a horizontal
feeder and a water-cooled copper crucible
where the drip-molten metal crystallizes.
The working vacuum pressure was
5-8x107° Pa.

In order to examine the refining kinetics
and investigate the influence of the process
conditions during EBMR, experimental
investigation was performed using oil-
contamination-free cold-pressed Ti waste
rods with diameter ~45mm, with the
distance between the rod and the metal
pool surface being 50 mm. The process
parameters were varied as follows: the
beam power P was in the range
11.25 - 18.75 kW; the casting velocity vc,
in the range 0.05-0.15mm/s; and the
refining time 7, in the range
2.78-11.85min. The values of the
refining time were estimated as the overall
time during which the processed material
is in liquid state in the three reaction zones
in the case of drip melting (figure 3)
where: zone 1 - molten layer on the front
side of the melting block; zone 2 - the
drops falling toward the liquid metal pool;
and zone 3- the surface of the liquid metal
pool on the top of the cast block in the
crucible. The values measured of another
parameter - the surface temperature T of
the molten metal in the crucible were in
the range of 2370-2670 K.

A statistical approach was applied to
estimate the kinetic dependences of the
impurities” concentrations and the material
losses based on experimentally obtained

Figure 3. Three refining zones at EBDMR:
1 —front side of initial metal rod, 2 — generated
droplets, 3 — molten pool surface.

data. The estimated experimental Kkinetic
dependences of the impurities’
concentrations C; [ppm] during EBMR of
Ti take into account the multiple
correlations  between  the  process
parameters. Figure 4 — figure 7 present
contour plots of the final impurities’
concentrations (in ppm) and the material
losses (in %) vs. the independent process
parameters — the electron beam power P
and the casting velocity vc. The values of
the other dependent process parameters T
and t can be calculated (using P and v¢) by
the following approximate relations:

T = 2820 — 88.0P + 4.26667P% (1)
r=36.477 — 1.8933P — 255.97v¢
+0.05618P? + 926.00vc2 (2)
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Figure 4. Contour plot of the final oxygen
concentration.

Figure 4 presents the contour plot of
oxygen concentration depending on the
beam power and the casting velocity. The
oxygen removal from the molten metal
pool is accomplished by: (i) degassing of
oxygen that is in the form of a solid
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solution, (ii) removal of the bound oxygen
via evaporation of metal oxides,
predominately sub-oxides of the base
metal and volatile or unstable (at melting
temperatures) impurity oxides with higher
affinity to the oxygen, (iii) direct electron
beam irradiation. This new mechanism
was shown in [5,6]. Two areas with
minimal concentration at EB power
11 -13 kW and 17 — 19 kW are seen. The
oxygen concentration decreases at higher
casting velocities (0.13 - 0.15 mm/s). The
decrease of the oxygen concentration at
lower EB powers could be explained by
achieving a low melting rate on the front
of the feeding melting rod and the
considerable release of oxygen being in a
solid metal solution there. At the same
time, a low temperature of the molten pool
surface, together with a residence time of
re-melted titanium of 240 — 660 s, lead to a
minimal oxygen concentration due to the
removal of oxides inclusions in the cast
ingot that is in agreement with the result in
[5]. The second optimum of the oxygen
refining is connected to  higher
superheating of the molten metal and
better reduction of the oxygen content
independently of the residence time in the
molten state of the refined Ti. This also is
in agreement with the data for oxygen
concentration dependence on the refining
time in [5]. Obviously, at the regimes and
EB melting plant considered, casting
velocities 0.14 - 0.15 mm/s seem to be a
good range of values of this control
parameter. In the case of intermediate EB
powers (13.5-17 kW), the superheating
of the molten pool surface is not so high,
but optimal conditions for oxygen
reduction are achieved only at higher
values of the casting velocity.

The behavior of Fe content (figure 5)
could be explained by the observed
insensitivity to the residence time and
superheating kinetic dependencies of the
Fe metal contamination during EBMR of
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Figure 5. Final Fe concentration contour plot.

Ti obtained in [5]. In contrast to the
oxygen removal case, the EB powers
lower than 13 kW or higher than 17.5 kW
lead to lower purification of the cast ingot.
By analogy with the case of the oxygen
removal, velocities ranging from 0.14 to
0.15 mm/s are optimal for all EB powers
studied. Similar situation of low sensitivity
to the casting velocity and the EB power
for the concentration variation of Ni, V
and Si is reported in [7].
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Figure 6. Final Ca concentration contour plot.

Different behavior could be seen in the
case of refining of Al, Cr, Cu and Ca
(figure 6). The areas with minimal
impurity  concentrations  and  the
corresponding ranges for the power and
the velocity can be seen, namely: EB
power 16 — 17 kW and 0.12 mm/s casting
velocity for Ca; 17 — 18 kW power and
0.05 mm/s casting velocity for Al; power
16 kW and 0.75 mm/s casting velocity for
Cr; 15 - 18 kW beam power and the same
casting velocity for Cu. This could be
connected to the multi-exponential kinetic
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Figure 7. Material losses contour plot.

dependencies of the  contaminant
concentrations on the residence time in the
liquid state and on the superheating of the
melted material [5].

The material losses (figure 7) are
estimated on the basis of weight
measurements of the initial rod and the
cast ingot obtained after EBMR. In the
cases of lower and of higher EB power, the
losses are due to evaporation of
contaminants (at lower power) and
evaporation of the base metal as well as
splashes (at higher powers) during the
remelting of the raw material. Minimal
material losses are achieved at the
following parameter values: 13 -16 kW
beam power and 0.1 -0.14 mm/s casting
velocity.

The optimal conditions for
minimization of the concentration of each
of the components are different. Therefore,
if there are special requirements to the
content of inclusions, an overall criterion
for the parameter optimization should be
formulated and a compromise optimum
solution should be found. The oxygen
removal, together with the minimization of
the material losses, is of major importance
during the refining of Ti. The initial
oxygen concentration is 1500 ppm.
Contour plots of oxygen concentration of
400 ppm and material losses of 1 % vs. the
independent process parameters — the EB
power and the casting velocity, are shown
in figure 8 (using figure 4 and figure 7); a
value of 1 % material losses is chosen as
acceptable.
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Figure 8. Graphical optimization - material losses
(<1%) and oxygen concentration after EBMR
(< 400 ppm).

The marked area (figure 8) presents the
common area of these contours. Material
losses less than 1% and oxygen
concentration less than 400 ppm after
EBMR of Ti scrap are achieved at
11.5-12 kW power and 0.09 - 0.14 mm/s
casting velocity. The decrease of the
oxygen concentration leads to an increase
of the material losses. Thus, a compromise
solution satisfying both requirements can
be found.

In the case of applying an analogous
geometry optimization for another contour
plot of impurity concentration, the
common area will be different. If the
optimization task is formulated with
respect to the concentrations of all the
impurities and the material losses, a
compromise solution would be obtained.
This is applied to the case when the
minimization of all impurities’
concentrations and that of the material
losses are equally important. This
optimum solution is called a Pareto-
optimal solution and is found by
simultaneous  minimization  of  all
impurities” concentrations and of the
material losses — Table 1. A change in the
optimal regime conditions obtained will
worsen the values of one or more of the
criteria considered. Table 1 presents also
the individual minimal values of the
concentration of each impurity and the
overall material losses.
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Table 1. Values of optimal process parameters and optimum inclusions’ concentrations.

Incl. | P Ve T T Ciopt | Cio) n & Pareto-optimal solution: =
kW [ mm/s | K [ min | ppm | ppm % P =11.2500 kw
O [18.75/0.1045 | 2670 | 4.09 | 300.8 | 300.8 | 2.1406 Vc-_(;g%gzmm/s
Al [17.14[0.0710| 2565 |7.02 | 338.9 | 557.6 | 2.1173 c = 6 min
(©)opt = 364.4570 ppm
Fe |14.51]0.1500 |24415|3.27 | 861.1 | 429.8 | 1.0638 Caiopt = 402.4978 ppm
Ni [15.08] 0.0500 | 2463 [10.22 | 2215 | 651.0 | 2.8258 CCFe,om=zg9592-gsppm
Ni,opt = . ppm
Cr |15.90| 0.0845 |2499.5|556 | 99.0 | 665.7 | 1.0103 G = 1349620 ppm
Ca |16.73[0.1255 [2541.72.99 | 250 | 507.6 | 1.0068 Coaopt = 36.1959 ppm
Cu | 16.2|0.0775|2514.1|6.27 | 164 | 650.6 | 1.3977 Couopt = 35.7617 ppm
Nopt = 1.2519 %
n [%] |14.29]0.1135 |2433.7|3.77 - 582.1 | 0.2633
Table 2. Pareto-optimal compromise solutions.
P Ve T T C(o) n
[kW] [mm/s] [K] [min] [ppm] [%l
14.02 0.06 2,425 8.94 498.9 0.339
17.49 0.10 2,586 4.14 499.3 0.342
15.22 0.05 2,469 9.75 499.9 0.374

material losses, %

350 400 450
Oxygen concentration, ppm

gOO 500

Figure 9. Conditional optimization and Pareto-
optimal compromise solutions.

In figure 9, the graphical presentation
of the oxygen concentration Cyy and
material losses 7 are obtained at their
conditional optimization (Co) <500 ppm
and n<2%); 10 000 different
combinations of process parameters are
randomly generated and presented together
with the Pareto-optimal compromise
solutions obtained (denoted by squares),
which minimize both criteria at the same
time. Some of the optimum solutions
obtained, namely, beam powers P, casting
velocities v, calculated molten pool
surface temperature T and refining time t
are presented in table 2.

4. EBMR OF Ta AND Hf

To study the refining processes in Ta, a
large number of experiments were
performed and attention was paid to the
ratio between the e-beam power on the
front side of the feeding rod (zone 1, figure 3)
and the power in the liquid metal pool
(zone 3, figure 3). The values of the ratio
T:/T3 between the refining times in zones 1
and 3 (the surface of the molten pool in the
crucible) were in the range of 1/5-2/3.
The ranges investigated for the e-beam
power density p were: 3.82 - 5.35 kW/cm?
for zone 1 (py) and 6.87 - 8.40 kW/cm? for
zone 3 (p3). In the experiments, the
following  scheme  concerning  the
technological parameters (regimes) were
realized: (i) both the value of the ratio
p1/ps and of the ratio t1/t5 are constant; (ii)
the value of the ratio pi/ps is constant
while the value of the ratio /13 varies;
(iii) both the value of the ratio pi/ps of the
ratio T;/13 vary. In these experiments, the
best purification of Ta (99.985) was
obtained at 24 kW power and 0.029 mm/s
casting velocity for residence times 2 min
and 5 min on the front side of the feeding
block and in the liquid pool, respectively.
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Figurel0. Dependence of impurity concentration
(purification) C/Cyx100 on the process parameters
p1/pz and t1/13x100 for: (a) W, (b) Nb in EBMR of
Ta.

The removal of the impurities depends
on the temperature up to which the molten
metal is superheated and on the refining
time. Figure 10 presents compresed data
for W and Nb concentrations after EBMR
of Ta for different regimes. These
dependences could be used for appropriate
regime parameter’s choice. The points
corresponding to the values of pi/ps,
T1/13x100 and C/Cyx100 (C is the impurity
concentration in the ingot after EBMR of
Ta, Cq is the impurity concentration in the
starting material) represent vertices of
inscribed triangles. One can approximately
evaluate the purification  (impurity
concentration after EBMR) for other
values of the process parameters. For
example, when  pi/p3=0.65 and
T1/13x100 = 50, the value of C/Cyx100
(purification) is between 1.25 and 5 in the

case of W impurity. The purification
C/Cyx100 of Nb is in the range of 1.7 - 3.3
when pi/p3 =0.68 and T3/13x100 = 67.
Using such type of triangular diagrams,
the value of one of the parameters can be
approximately evaluated when the other
two are fixed.

To investigate the refining processes in
Hf recycling, different technological
regimes were implemented. The ranges of
the process parameters (electron beam
power P and refining time 1) were: the
beam power P was in the range
12 - 16.8 kW and the refining time 1, in
the range 2 - 5 min. The values measured
of another parameter - the surface
temperature T of the molten metal in the
crucible were in the range 2500 - 2900 K.

Figure 11. Dependence of impurity concentration
(purification) C/C, on process parameters P and T
for: (a) Al, (b) Ni in EBMR of Hf.

Chemical analysis data for the
impurities” concentration of the starting
materials (before EBMR) and of the ingots
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after EBMR of Hf were obtained and
analized. The elimination of the impurities
depends on the temperature up to which
the molten metal is superheated and on the
refining time. Figure 11 shows data
obtained for Al and Ni concentrations after
EBMR of Hf for different conditions of the
technological regime. These dependences
allow one to make an appropriate choice of
the regime parameters’ values. One can
also approximately  evaluate  the
purification for other process conditions.
For example, when P=13kW and
T =2 min, the value of C/Cy (purification)

is between 0.9 and 1.0 in the case of Al
impurity (figure 11).

The analysis of the results obtained
show that removal of Sn, Al, and Mo
during the refining of hafnium depends on
the duration of the electron beam heating,
but the level of refining of those impurities
is higher during heating with lower beam
powers (figure 11 and table 3). If the
electron beam heating is longer than 2.5
minutes, the removal of Mo is made more
difficult and its relative concentration in
the refined metal increases due to the
evaporation of the hafnium (table 3).

Table 3. Inclusions’ concentrations during EBMR of Hf

C of Fe, ppm C of Sn, ppm
T, min P=12 kW P=14.4 kW P=16.8 kW P=12 kW P=14.4 kW P=16.8 kW
0 350 350 350 21 21 21
2 200 120 110 20 20 20
3 120 110 120 18 18 20
4 125 100 130 17 17 20
5 130 100 140 16 16 20
C of Mo, ppm C of Ni, ppm
P=12 kW P=14.4 kW P=16.8 kW P=12 kW P=14.4 kW P=16.8 kW
0 26 26 26 31 31 31
2 15 19 16 29 29 30
3 10 17 17 28 28 28
4 15 15 20 29 35 25
5 20 15 25 30 35 20

The electron-beam  technique is
sufficiently efficient for removal of Fe
from hafnium (table 3). For most of the
investigated regimes, 2 minutes suffice for
their moving from the volume of the liquid
metal and evaporating from the reactive
surface. The removal of Ni during EBMR
of hafnium must be performed at higher
powers or for 2.5 min. At longer times of
heating, enrichment of the refined ingot
with Ni is observed (table 3). Due to
thermo-dynamical limitations, impurities
such as Zr in Hf do not evaporate and thus
an increase in their concentration is
observed.

5. CONCLUSIONS

Experimental data and theoretical
results concerning the process parameters

during EBMR of Ti, Hf and Ta were
analyzed with the purpose of improving
the composition of the treated ingots.
Different technological regimes were
realized and the results obtained were
discussed. A statistical approach was
applied for optimization of process
parameters for Ti. Material losses of less
than 1 % and oxygen concentration of less
than 400 ppm after EBMR of Ti scrap
were achieved at 11.5-12kW beam
power and 0.09-0.14 mm/s casting
velocity. In the experiments performed, the
best purification of Ta (99.985) was
obtained at 24 kW beam power and
0.029 mm/s casting velocity, the residence
times on the front side of the feeding block
and in the liquid metal pool being 2 min
and 5 min, respectively. The removal of
Sn, Al, Mo, Fe and Ni depends on the
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refining time, with the optimal time being
3 minutes for refining of Fe, Ni and Mo in
the case of EBMR of Hf. Higher
purification of the Hf ingot is obtained at
12 KW beam power and short processing
times. The results allow identification of
the refining process mechanisms and
process optimization.
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SUMMARY

The recent studies related to the topic of
the project have been devoted to
investigating the heating process of gold
nanoparticles with different diameters
interacting with nanosecond laser pulses.
A theoretical model was developed
combining calculation of the
nanoparticles’ optical properties and the
heat diffusion equation. The particles’
melting and decomposition thresholds
were defined and measured experimentally
as well. The possibility of using gold
nanoparticles in in vitro photothermal
cancer cell therapy was demonstrated.

The second type of investigations was
related to the fabrication, characterization
and application of noble-metal-based
nanostructures. These structures were
obtained by direct bottom-up approach
based on pulsed laser deposition and laser
annealing of thin metal films. The
structures obtained were tested as active
substrates to be used in surface enhanced
Raman spectroscopy.

INTRODUCTION

The growing interest in nanosized
objects has been based on the possibility of
developing fundamentally new
technologies that are expected to surpass
the efficiency, time and spatial resolution
of the conventional ones. The areas

affected by this tendency vary widely,
from data storage devices to food industry
and environmental safety [1]. From the
physical point of view, the decrease of the
material size leads to discretization of the
density electronic states resulting in the
appearance of new properties, not
observed in the bulk material. [2] When
metal nanosized objects interact with an
electromagnetic wave, efficient resonant
excitation of  collective  electron
oscillations (plasmons) may occur. The
plasmon excitation influences the far-field
optical properties of these structures,
yielding sharp resonances in the absorption
and scattering spectra [3,4]. For noble
metal nanoparticles, these resonances are
in the near UV and visible spectral range,
but the resonance frequency can be shifted
even to the near IR by appropriately
designing the particle structure, shape and
size [1,3,5]. The narrow absorption band
of noble nanoparticles has already opened
new trends in many aspects of the modern
technologies: in biological applications for
biomedical diagnostics and imaging [6],
targeted drug delivery [7], photo thermal
therapy [8]; in the development of new
analytical techniques, such as surface-
enhanced Raman spectroscopy (SERS) [9],
near-field scanning optical microscopy
[10], tip-enhanced Raman spectroscopy
[11] that have resolution on the
nanometers scale. One of the most
promising applications of the properties of
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noble metal nanoparticles is related to
biophotonics [6,7]. The interest in this
field rely on the ability of gold
nanoparticles to be easily conjugated to
biologically active moieties, antibodies,
and other biological molecules providing
possibility of an effective targeting to
specific cells or tissues [7,12]. Gold
nanoparticles especially are resistant to
oxidation and are not toxic. The main
property, however, is the high efficiency
of the electromagnetic field-particle
interaction. It is estimated [13] that the
absorption coefficient for gold
nanoparticles at optimal conditions for
plasmon excitation can be higher by more
than four orders of magnitude than that of
the conventional organic dyes. The
enhanced absorption of the particle can
lead to its strong heating and results in
triggering irreversible biophysical and/or
chemical effects and bubble formation in
the material in the particle vicinity. This
idea has already been applied to the
photothermal therapy of cancer cells,
viruses and bacteria [7,14]. The efficient
and reliable application of metal
nanoparticles in the field of biophotonics
necessitates information about the particle
response to the laser radiation. Different
theoretical and experimental studies have
been performed to investigate the particle
melting, re-shaping and fragmentation
when exposed to laser radiation [18-22].
However, there is still lack of data how
these effects may be related to biological
applications.

The efficient excitation of plasmons in
noble metal nanostructures also can results
in strong excitation of the near field
intensity in the vicinity of these structures.
The enhanced field can be used to excite
efficiently molecules placed in the vicinity
of the structures and thus to enhancement
of the Raman scattering intensity. This
idea can be used to analyze small amount
of different materials using low incident
laser intensities that can not damage the
sample.

2. LASER INTERACTION WITH
GOLD NANOPARTICLES

2.1. Model

The system simulated in this study
consists of an isolated gold nanoparticle
with diameter D of 40, 80, 100, or 200 nm
in water. Water is used as a medium that
mimics the soft biomaterial since it makes
up a significant portion of most of the soft
tissues and is often used as convenient
modeling  system  [16,20,23].  The
absorption cross-section of the particles is
obtained on the basis of Mie scattering
theory using the following equation:

Cabs = Cext - Csca; (1)

where C,,; and C,., are the extinction and
scattering cross-sections [4]:

2 3/2
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Here, 4 is the wavelength of the incident
irradiation, ¢, is the dielectric function of
the surrounding medium, a = (2zRe,, ")/ 4,
R is the particle radius, and 4; and B, are
electric and magnetic partial oscillation
coefficients. The optical parameters for
gold used in the calculation are taken from
[24]. The value for the water dielectric
constant is taken ¢,, = 1.33 [4].

The temperature evolution of the
particle and the surrounding medium
during and after the interaction with the
laser pulse is traced by 2D heat diffusion
model [18]:

C

ext

C(T)aa—];=V(k(T)T)+S 4)

where S =1C,, IV, (5)

Here, T; is the temperature, S and 7 are the
laser energy source and laser intensity,
respectively. The laser pulse has a
Gaussian temporal distribution and the full
width at half maximum is 1, =15ns. The
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laser wavelength corresponds to the
second harmonic of a Nd:YAG laser,
A = 532 nm. ¥, = 4/3zR® is the particle
volume. C is the material heat capacity,
and k& is the thermal conductivity. The
water is assumed to be transparent for the
incident irradiation.

Equations (4) — (5) are solved using a
classical finite difference scheme by taking
into account the temperature dependence
of C and k& for gold [25]. The
thermophysical properties of water and
water vapor are taken to be constant,
which value is estimated as average from
the temperature dependences given in Ref.
20. Since the optical properties of gold
nanoparticles depend on the environmental
dielectric properties, a change of the
absorption cross section is taken into
account above the boiling point of water.
In this case &, = 1.0002 is used. [20]. The
dimensions of the simulation system are
1500%1500 nm. Additional simulations are
performed in order to clarify the role of the
system size. These are performed for the
biggest particles assumed in this study
(D =200 nm); no difference is observed
for the temperature evolution when the
system size is increased. The boundary
conditions for the simulated system
assume a constant temperature equal to
300 K at all boundaries of the system. The
evolution of the system temperature is
traced for a time interval of about 40 1.
The particle melting and evaporation are
elaborated using the energy balance
between the absorbed energy and the
specific heats of melting and evaporations
[25].

2.2. Experimental setup

The gold particles used in the presented
experiments have diameter of 100 nm,
with a standard diameter deviation of less
than 8% (BBInternational Corp.). The gold
colloid is deposited in a glass vial with
diameter of 6 mm; the height of the liquid
is 5 mm. The samples are irradiated by
laser radiation delivered from a Nd:YAG

laser system operated at second harmonic
(A =532 nm, pulse duration T, = 15 ns.). A
collimated laser beam with spot size of
6 mm is used to irradiate the samples. The
irradiation time is 10 s. After laser
treatment, the colloids are dried on
polished Si substrates or copper grid for
SEM or TEM observations.

Human cervical cancer cell line (HeLa) is
cultured in DMEM medium (Gibco)
supplemented by 10% fetal bovine serum
(Gibco), 100U/ml penicillin and 0.1 mg/mi
streptomycin in 75 cm?® tissue plastic
flasks. The cells are maintained in log
growth phase at 37°C in humidified air
with 5% CO..

HelLa cells are trypsinized by 0.25%
Trypsin-EDTA and  counted  using
hemocytometer. The cells are transferred
to a 96-well microtiter plate to ensure
concentration of 2x10* cells per well. After
incubation overnight at 37°C in humidified
air with 5% CO; to allow cells attachment,
the medium is changed and the cells are
treated by gold nanoparticles with various
size (40 and 100 nm in diameter). The
samples prepared are incubated for another
24 h under the conditions described above.
The samples are then irradiated by the
Nd:YAG laser system operated at
A=532 nm and repetition rate of 10 Hz for
for 10 s. Laser pulses with energy densities
of F = 11, 18 and 30 mJ/cm® are used.
After processing, the cells are incubated
for 4 h and 24 h, at 37°C in humidified air
with 5% CO, Control cells are also
cultured at the same time. The effect of
different treatments on the cell viability is
assessed by the MTT assay as referred by
Mossmann [26].

2.3. Results and discussion

The excitation of a plasmon resonance
in a gold particle results in a significant
enhancement of its absorption cross-
section. Thus, for efficient laser heating of
the nanoparticles, the wavelength of the
incident irradiation should coincide with
the position of the plasmon resonance.
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Figure 1 represents the absorption cross-
section spectra of single gold nanoparticles
with diameters of 40, 80, 100, and 200 nm
in water as calculated by Egs. (1)-(3).
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——D= 80nm
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Figure 1. Absorption cross section spectra of single
gold nanoparticles with diameters of 40, 80, 100 and
200 nm in water calculated on the basis of Egs. (1)-(3).

The peaks in the absorption cross
sections are related to the dipole plasmon
excitation in the nanoparticles. The
maximal values are observed in the
spectral range from approximately 532 to
550 nm as red-shift is observed with the
increase of the particle size. The value of
the absorption coefficient increases with
the particle size due to the increase of the
geometrical cross section. The results
indicate that laser radiation with the
wavelength of the second harmonic of a
Nd:YAG laser (A = 532 nm) is suitable for
efficient  plasmon  excitation  and,
respectively, for effective particle heating.

Using the absorption cross-sections
calculated, the temperature evolution in
the different particles can be obtained on
the basis of Egs. (4) - (5). The values of
the maximal temperature reached in the
nanoparticles when they are irradiated by a
single laser pulse at wavelength of 532 nm
as a function of the incident laser fluence
are shown in figure 2. It is seen that the
gold nanoparticles can be efficiently
heated to temperatures close to the critical
water temperature at laser fluences nearly
one order of magnitude lower compared to
that established as the safety standard for
medical lasers (100 mJ/cm?. [12]).
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Figure 2. Dependence of the maximal temperature
reached in nanoparticles with different diameters
on the incident laser fluence. The laser pulse is at
A=532nmand t, = 15 ns.

The results in figure 2 indicate that
there is an optimal particle size that
ensures the highest maximal temperature
at a fixed laser fluence. Figure 3 presents
the dependence of the maximal
temperature achieved in the particle center
for particles with different diameters
irradiated at a fixed incident laser fluence
of 18 mJ/cm?. The maximal efficiency of
particle heating under the conditions
described is obtained at a particle diameter
of 80 nm.
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Figure 3. Maximal temperature of Au particles

with different diameters in water, irradiated by

single laser pulse at A = 532 nm and 1, = 15 ns with

fluence of 18 mJ/cm?.

The heating of the particle is the result
of a complex interplay between the
particle optical properties, the energy
absorbed per particle volume and their
dependences of the particle size. For
example, the absorbed energy amount is
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scaled by the ratio between the particle
cross-section and the particle volume, i.e.
it is proportional to 1/R (see Eqg. 5). On the
other hand, the absorption efficiency,
which is the ratio of the absorbed to the
incident power (can be obtained as
Cas/TR?) has an optimal value as a
function of the particle diameter [27]. The
model used in this study shows that the
cooling of the particles with different sizes
also expresses different evolution. Due to
smaller mass of the particle with diameter
of 40 nm, it cools down to 300 K for a
period of about 200 ns at fluence of
18 millcm® At the same conditions,
cooling time of more than 700 ns is
observed for a 100-nm particle. The longer
cooling time will ensure a stronger effect
on the surrounding medium.

The particle response to nanosecond
laser heating was also investigated
experimentally. For this purpose, gold
colloids with particles with diameter of
100 nm were irradiated at different
fluences and, after drying, analyzed by
SEM and TEM. The original nanoparticles
were not spherical, but exhibited a crystal-
like shape. Figure 4 presents images of
gold nanoparticles after drying the colloid
on a polished Si substrate, irradiated for 10
s at laser fluence of a) 11 mJ/cm? and b)
30 md/cm? According to the theoretical
model, the laser fluence applied in the first
case (figure 4a)) is above the particle
melting threshold. The TEM image
presented in the inset of figure 4a) shows
that nanoparticles have become spherical,
and no crystal shapes are observed.
Furthermore, the nanoparticles tend to
form clusters and single particles are rarely
observed. These effects can be attributed
to the melting of nanoparticles at the laser
fluence used. The melting process will
contribute to nanoparticle shape change to
spherical. Furthermore, according to the
calculations, the gold nanoparticle remains
at melting phase for hundreds of
nanoseconds. This will facilitate the
particles welding and will lead to the
formation of nanoparticle clusters, as

observed in the experiment. The increase
of the incident laser fluence to 30 mJ/cm?
leads to  fragmentation of the
nanoparticles. The temperature achieved
here is higher than the evaporation one for
gold. The SEM and TEM images in figure
4 b) show that, after drying of the colloid,
small spherical particles remain on the
substrate surface. The maximal diameter
of the particles is about 10 nm. The EDX
analysis performed confirms that the
material observed of these particles is
gold. An EDX spectrum of the deposited
material is presented as inset in figure 4 b).
The SEM image also shows the presence
of gold nanoparticle clusters consisting of
particles with diameters smaller than
100 nm.

b)

Figure 4. SEM and TEM images of laser-irradiated
gold nanoparticles after drying the colloid on a
polished Si substrate. The irradiation time is 10 s at
laser fluences of a) 11 mJ/cm? and b) 30 ml/cm?
An EDX spectrum of the deposited material is also
shown as inset in b).



98

Selected Projects

In order to assess the possibility of
application of gold nanoparticles as
nanoheaters in modification process of
biocomponents, experiments on
photothermal therapy of HeLa tumor cells
were carried out. In these experiments,
particles with diameters of 40 and 100 nm
were used to examine the influence of the
particle sizes on the citotoxic effect.
According to the calculations, the maximal
temperature achieved in these particles is
similar at fixed laser fluence. Figure 5
presents the experimental data for
cytotoxic effect of gold nanoparticles
irradiated by laser pulses with fluence of
11, 18 and 30 mJ/cm? for 10 seconds. The
laser fluences were chosen so as to ensure
realization of different mechanisms of
laser  pulse—particle interaction. At
fluences of 11 and 18 mJl/cm? the gold
particles are melted. At a fluence of
30 mJ/cm?® the nanoparticles undergo
fragmentation due to evaporation. The
figure shows MTT analysis results 4
(black bars) and 24 hours (red bars) after
the laser treatments. The first bars
(control) present the behavior of the cells
that are not treated by laser radiation and
are not mixed with gold colloid. The next
group of three pair of bars represents the
behavior of the cells when they are treated
by laser radiation without the presence of
gold nanoparticles. It is seen that at the
conditions discussed the laser treatment
itself has no toxic effect on the cells. The
pairs marked as 1+40, 11+40, and 111+40
represents the results of laser treatment of
HelLa cells when they are mixed with gold
colloid with particle diameter of 40 nm
and incident laser fluence is 11, 18, and
30 mJ/cm?, respectively. A small decrease
of the number of the living cells at 24-th
hours measurement compared to the 4-th
at the first two regimes show a weak
cytotoxic effect of the laser-heated
particles. In the case of the highest laser
fluence, the cell growth seems to be even
stimulated. This effect may be due to the
short-duration heating that stimulates the
cell division. For the case of laser

treatment of cells mixed with 100 nm
particles the cytotoxic effect is more
clearly expressed. When the laser fluence
applied is 30 mJ/cm? the number of
leaving cells decreases to about 56% of the
control 24 hours after the treatment. The
results obtained indicate that the
application of gold nanoparticle with
diameter of 100 nm is more efficient
compared to the case of 40 nm particles at
the conditions discussed.
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Figure 5. Viability of HeLa tumor cells estimated
by MTT assay. The black and red bars represent
MTT analysis results 4 and 24 hours after the laser
treatments, respectively. The first bars (control)
present the behavior of the cells that are not treated
by laser radiation and are not mixed with gold
colloid. The next group of three pair bars represents
the behavior of the cells when they are treated by
laser radiation without presence of gold
nanoparticles. The incident laser fluence is 11, 18
and 30 mdicm® marked as I, Il, and I,
respectively. The irradiation time is 10 seconds.
The pairs marked as 1+40 (100), 11+40 (100), and
111+40 (100) represent the results of laser treatment
of HelLa cells when they are mixed with gold
colloid with diameter of 40 or 100 nm,
respectively.

3. Au-COATED ZnO
NANOSTRUCTURES FOR SERS
APPLICATION

3.1. Experimental details

Thin ZnO films were prepared on
amorphous SiO, substrate by PLD. The
third harmonic of a Nd:YAG laser
(4 = 355 nmm, r = 18ns FWHM and
repetition rate of 10 Hz) was used for
ablation of a ZnO ceramic target. The
target to substrate distance was fixed at
40 mm in a standard on-axis configuration.
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All experiments were performed in oxygen
atmosphere. The substrate temperature was
kept at 300 °C during deposition.

The  nanostructured  films  were
fabricated via a two step process. As a first
step, a thin ZnO film was prepared at a
high oxygen pressure in order to form
growth nuclei. Oxygen pressures of 20, 50,
and 100 Pa were used for preparation of
three different types of nuclei. The laser
fluence was kept constant at 2 J/cm?. The
second step consisted in the deposition of a
ZnO film on the as-created nuclei. At this
stage, the oxygen pressure was decreased
to 5Pa and kept constant to the end of
experiment. During the second step, laser
fluence of 3.5 J/cm? was used.

A smooth ZnO film was also prepared
as a reference for SERS analyses. The
smooth ZnO surface with a root-mean-
square (RMS) value of a few nanometers
was deposited at an oxygen pressure of
5 Pa as described earlier [28].

The surface morphology of the ZnO
nanostructured sample was analyzed using
scanning electron microscopy (SEM)
JEOL  JSM-5510. Atomic  force
microscopy (AFM) measurements (Agilent
5500) were also performed in order to
characterize the grain size of the samples
[29]. The as-deposited samples were
coated with a thin Au layer produced by
cathode sputtering in order to prepare the
samples for SERS analysis. The SERS
spectra of the Au-coated ZnO
nanostructures were investigated using a
DeltaNu Raman spectrometer with an
attached microscope (NuScope). The
60 mW Raman apparatus operating at
excitation wavelength of 785 nm has a
laser spot with diameter of 100 pum.

For the R6G measurements, 12 mg
rhodamin-6G were dissolved in 300 ml
ethanol in a plastic bottle in order to obtain
a concentration of 10°M. The total
number of R6G molecules in one drop
(20 ul)  placed on the Au-coated
nanostructures was approximately
(20x10°)x(1x10°%)x(6x10%°) = 1x10%,
The molecules were spread on an area with

size 1 cmx1 cm (10% pm?). Each spot with

area 1 pm? contained about
(1x10")/(1x10%) = 1x10° R6G molecules.

3.2. Results and discussion

The surface morphology is a very
important  parameter  affecting  the
formation of nanostructures. The rough
crystal surface plays the role of nuclei for
nanostructured films growth. Therefore,
our first step of nanostructure preparation
was formation of a thin ZnO layer with a
clearly expressed rough surface. As it is
well known, the films prepared at a higher
oxygen pressure exhibit a rough surface
with a high peak-to-valley ratio [28]. Thus,
layers with thickness lower than 50 nm
were deposited at three different oxygen
pressures in order to create different types
of growth nuclei. In the second step, ZnO
was deposited on the as-created nuclei.
The ZnO growth follows the nuclei during
the PLD deposition and then a
nanostructured film is formed. The AFM
images of the as-deposited ZnO
nanostructures are presented in figure 6.
The surface morphology of the sample
presented in figure 6(a) contains grains
with clearly  expressed  spherical
morphology with the mean grain size in
the range 60-110nm. The grains are
packed closely and well-distributed on the
substrate with RMS surface roughness of
about 10 nm. The scale bar in the AFM
image (figure 6(a)) indicates a high peak-
to-valley ratio. This value is higher
compared with the value obtained for the
film deposited when the oxygen pressure
of 20 Pa was kept constant during the
entire deposition process [16]. It is worth
pointing out that the ZnO buffer layer
deposited at 20 Pa oxygen pressure has the
crystal structure reported in our previous
investigations [28]. The growth of the ZnO
nanostructure follows the crystal nuclei.
The surface morphology of the sample
prepared by a ZnO buffer layer deposited
at 50 Pa is presented in figure 6(b). The
increase of the oxygen pressure applied
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during the buffer layer deposition leads to
a change of the surface morphology. It
consists of a non-uniform structure with a
larger grain-size in the range of 100 -
200 nm, in contrast with the sample
shown in figure 6(a). Additionally, the
increase of the oxygen pressure worsens
the crystal structure of the buffer layer.
The further increase of the oxygen
pressure applied during the buffer layer
deposition (100 Pa) preserves the non-
uniform  structure of the surface
morphology (figure 6(c)). In this case, the
sample grain-size is ranging from 100 to
200 nm. Furthermore, the as-prepared
buffer layer is practically amorphous at
this high oxygen pressure applied.

Figure 6. AFM images of ZnO nanostructured
films prepared on the basis of different nuclei
obtained at: (a) 20 Pa, (b) 50 Pa, and (c) 100 Pa
oxygen pressure during deposition.

High SERS enhancement factor
practically means spatial inhomogeneity.
The enormous SERS effects usually occur
in the so-called “hot sites”, i.e., the very
small volumes in the cavities between
metallic nanoparticles. The theoretical
studies show that the local electromagnetic
field near metallic nanoparticles is strongly
confined to the “hot sites” by the surface
plasmon resonance resulting in an
inhomogeneous electromagnetic energy
distribution [22]. Since metallic
nanoparticle arrays supply a high density
of nanocavities between particles, i.e.
SERS *hot sites”, they seem to be the
perfect substrates for SERS.

The SERS spectra of Au-coated ZnO
samples are presented on figure 7. The
strong peaks at 610, 772, 1182, 1303,
1360, and 1505 cm™ were attributed to the
Raman spectrum of the R6G molecules.
The intensity of the Raman signals was
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Figure 7. SERS spectra of Au-coated ZnO
nanostructured samples prepared at different
experimental conditions: (a) 20 Pa, (b) 50 Pa, and
(c) 100 Pa oxygen pressure used for formation of
the growth nucei. The reference signal was
obtained from Au-coated smooth ZnO film.

compared with the reference signal
obtained from Au-coated smooth ZnO film
with R6G. As expected, no signal was
registered from the Au-coated smooth
surface (see figure 7), which proves that
Au-coated nanostructures are suitable for
SERS applications. The highest signal
intensity was obtained from the sample
prepared with a buffer layer deposited at
20 Pa oxygen pressure (see figure 7, curve
(a)). This result is the consequence of the
small grain-size structure of the sample, as
it is seen in figure 6(a). The use of Au-
coated ZnO nanostructures with larger
grains, such as the samples shown in
figures 6(b) and (c), led to registration
Raman peaks with lower intensity.

It is worth pointing out that the
tendency of decreasing the intensity of the
Raman peaks is preserved as the grain-size
is increased. The dependence observed is
related to the higher density of the spatial
inhomogeneities realized in the film with
the smallest grain size. In addition, the
evanescent nature of the near field ensures
strong intensity enhancement in gaps with
sizes of only few nanometers. The
intensity drops rapidly with the increase of
the gap distance.
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NEW NARROW RESONANCE IN THE FLUORESCENCE OF CLOSED OPTICAL
TRANSITION OBSERVED IN NANOMETRIC Cs - VAPOR LAYERS

S. Cartaleva', A. Sargsyan?, D. Sarkisyan?, D. Slavov', K. Vaseva'

'Emil Djakov Institute of Electronics,
Bulgarian Academy of Sciences, 72 Tsarigradsko Chaussee, 1784 Sofia, Bulgaria
2 Institute for Physical Research, NAS of Armenia, Ashtarak-2, 378410, Armenia

1. INTRODUCTION

High-resolution spectroscopy of atomic
layers confined in thin optical cells with
thickness L of (10-1000) um [1] is a
promising tool for investigating not only
complex spectra of atoms, but also of
molecules and the properties of light-atom,
atom-atom and atom-surface interactions.
In the so-called extremely thin cells (ETC,
of thickness < 1 um) the sub-Doppler
resonances are much more pronounced
than in the thin cells, although single light-
beam spectroscopy is only used [2,3]. In
the ETC, the vapor-layer thickness can be
precisely controlled in an interval around
the wavelength of the irradiating laser
light.

The very small thickness of the ETC,
usually oriented orthogonally to the laser
beam, leads to the following two effects in
the atomic spectra; first, atoms with
velocity normal to the cell windows give
very small contribution to the fluorescence
signal compared to atoms which are flying
parallel to the cell windows. Thus, we can
observe very well resolved optical
hyperfine transitions using only single-
beam spectroscopy. Significant difference
in the absorption and fluorescence spectra
is observed due to the fact that faster
atoms with interaction time enough for
absorption of a photon but not enough for
its subsequent release will contribute to the
absorption signal but not to the
fluorescence [4]. The second effect is
related to the coherent Dicke [5]
narrowing occurring in the absorption
spectra. The width of the hyperfine
transition profiles changes periodically,
having minima at L = (2n + 1)A /2 due to

the realization of Dicke narrowing regime
in the optical domain [4].

The investigation of the absorption and
fluorescence of such confined media has
started in the weak-intensity regime [3],
with the work being focused mainly on the
investigation of the absorption spectra
assuming that the fluorescence profiles
increases only monotonously with the cell
thickness [4]. Further study of the ETC
fluorescence spectra at L = A demonstrated
[6] that tiny saturation dips appear in the
narrow  fluorescence  profiles when
irradiating the ETC by laser light of higher
intensity. These saturation dips appear for
all open, in terms of hyperfine and Zeeman
optical pumping, hyperfine transitions of
the ¥Cs D, line (L=852nm). No
saturation dip was reported [6] in the
fluorescence of the F,=4—>F,=5
transition, which is the only completely
closed transition on the D, line of Cs.
Here, F, and F, are the hyperfine structure
quantum numbers of the ground and
excited state, respectively. In a recent
work [7], the examination of the saturated
regime was expanded to ETC thicknesses
of up to L=3A. It was shown that the
saturation dips in the fluorescence of open
transitions increase their amplitude with
the ETC thickness. Starting from L = 24,
the fluorescence profile of the completely
closed transition exhibits a small plateau
centered at the optical transition.

We observed for the first time a narrow,
reduced fluorescence dip in the profile of
the completely closed F,=4—>F,=5
transition as well. Theoretical modeling of
the fluorescence was performed to clarify
the possible reasons for the new dip
appearance in the fluorescence of a
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genuinely closed transition, which does
not suffer atomic population loss from the
ground level interacting with the laser
light.

2. EXPERIMENTAL RESULTS

We investigated the D, line of *Cs.
The D, line consists of two sets of
hyperfine  transitions  forming  two
absorption (fluorescence) lines: (i) an
F, =3 set involving three transitions from
the F,=3 ground level to the respective
F.=2, 3, 4 excited levels and (ii) an
F, =4 set of transitions, namely, the F,= 4
— F, =3, 4, 5 transitions.

In the widely used optical cells with cm
dimensions, the hyperfine transitions
originating from a single ground level
strongly overlap due to the Doppler
broadening (~400 MHz), which is larger
than the separation between the excited
state hyperfine levels. Thus, the two types
of  transitions  (F;— F.<F, or
Fy—F.>F,) [8] involved in the
absorption line cannot be resolved.
However, they have different properties.
The first type (Fy— F.<F; transition)
suffers population loss from the ground
level due to hyperfine or Zeeman optical
pumping, while the second type
(Fg — F. > F, transition) is considered as
a completely closed one.

The situation is different in the ETC.
There, the hyperfine transitions within a
single absorption (fluorescence) line can
be resolved [9]. Hence, we can investigate
separately the two types of hyperfine
transitions involved in the absorption
(fluorescence) line by using single-beam
spectroscopy. We  considered  the
F,=4—>F,=3, 4, 5 transitions only, as
this group involves the Fy=4 > F,=5
transition, which is the only completely
closed one.

The experimental setup is presented
schematically in figure 1. A single-
frequency distributed-feedback diode laser
(DFBL) with about 2 MHz linewidth was
used. Precize tuning of the DFBL emission

ETC
Q ] [ transmission Data
DFBL »| aqusition
N2 IP T system

fluorescence
PD

Figure 1. Experimental setup.

wavelength was achieved by varying its
current. The laser light was linearly
polarized and its frequency was scanned
over the F,=4 set of transitions. The
beam was directed to an ETC containing
Cs vapor in a direction orthogonal to its
windows. The ETC design was similar to
that described in [7], but in our case the
thickness of the vapor layer could be
varied in the range (100-2800) nm. The
ETC was placed in an oven with a port for
the transmitted laser beam and a second
port for collecting the fluorescence in a
direction orthogonal to the laser beam.
Thus, we could detect the fluorescence and
the transmission spectra simultaneously.
The Cs vapor spectra were measured as a
function of the laser frequency for
different cell thicknesses L, different cell
temperatures and different light intensities.

0.60 Cs, D, line, Fy = 4 set of transitions

ETC, T = 98°C, W = 47mW/cm2

o
3
a
1

0.50

0.45

Fluorescence [a.u.]

0.40

0.35

0.25 T T T T T
-400 -200 0 200 400 600 800
Laser detning [MHZ]

Figure 2. Fluorescence spectra of the Fy = 4 set of
transitions observed in ETC with thicknesses
L=15xA, 2A, 25x, 3\ at ETC temperature
T =98°C and light intensity W = 47 mW/cm? The
new dip in the profile of the Fg=4 - F.=5
transition is marked by an arrow.

We studied the ETC fluorescence and
transmission spectra dependence on the
cell thickness for two Cs cell temperatures
and two different powers of the irradiating
light.
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Figure 2 presents the ETC fluorescence
spectra for the F,=4 set of transitions at
lower atomic  source  temperature
(T=98°C) and cell thicknesses L = 1.54,
2k, 25\, 3L The two open Fo=4
— F, = 3, 4 transitions show reduced
absorption dips at the central frequency of
each fluorescence profile, for all examined
ETC thicknesses. The dip amplitudes
increase noticeably with the cell thickness.
This result differs from that reported in
Ref. [7], where the dip formation starts
from L =2) for the open transitions. We
attribute this difference to the fact that in
the present work the spectral width of the
laser line is significantly narrower
(2 MHz) than that used in [7] (15 MHz).
Thus, the observation of the narrow dip in
the fluorescence depends critically on the
laser linewidth.

The DFBL system with a narrow
bandwidth used in this experiment allows
observation of a new dip in the profile of
the fluorescence of the completely closed
Fy,=4—>F,=5 transition (figure 2,
L =3)\). With a similar set of the ETC
thicknesses, in [7] only a small plateau has
been observed at the F,=4—>F.=5
transition up to L = 3A. In Fig.2, a similar
plateau can be seen for L =2, 2.5A. In
[7], the formation of the plateau for the
completely closed transition instead the
dip for open transitions has been explained
by saturation and optical pumping
processes. For the open transitions, both
two-level-system saturation and three-
level-system optical pumping deplete the
atomic population of the ground Zeeman
sub-levels coupled by the light. The result
of this velocity-selective depletion is the
reduced fluorescence dip centered at the
transition. However, in the case of the
F, =4 — F,=5 transition, while the two-
level-system saturation process decreases
the ground Zeeman sublevel populations,
the fluorescence increases the sub-level
population in a narrow frequency interval.
The total contributions of the two
processes results in the formation of a
small plateau.

08 Fg=4setof transitions, ETC, T= 120°C,

o
s

Huorescence [a.u.]
o

o
T

Huorescence [a.u]

Laser frequency detuning [MHz]

Figure 3. Fluorescence spectra (a) observed in
ETC with thicknesses L = A, 1.54, 2, 2.5, 3A at a
higher atomic-source temperature 7'=120 °C.
Zoom (b) is showing the behavior of the 4-5 closed
transition fluorescence for L = 1.51 (Dicke revival)
and L =, 2\ (no Dicke effect). The light intensity
is 7 = 35 mW/cm?.

Figure 3a shows the fluorescence
spectrum obtained at a higher cell
temperature (7 =120 °C). In general, the
fluorescence profile width increases with
the ETC thickness. Again, at this
temperature, and starting from L =, the
fluorescence of the open transitions
undergo velocity selective optical pumping
resulting in narrow reduced-fluorescence
dips. The amplitude of the dips increases
with the cell thickness due to the
contribution of a larger number of atoms.
At larger cell thicknesses, the time of
flight of the atoms between the cell walls
increases leading to a widening of the



Annual Report IE 2010

105

atomic velocity interval of light-emitting
atoms. It can be seen that the rise of the
emitting atom number with L contributs
more to the dip amplitude than to its width.

1.00

Fg = 4 set of transitions,

T =120°C, W = 35mwicm’

0.954

Transmission

0.90 4

0.85

0.80

0.75+

0.70 4

T T T T T T T T T
-400 -200 0 200 400 600
Laser frequency detuning [MHz]

Figure 4. Transmission spectra of the D, line of Cs
observed in ETC with thicknesses L = A, 1.51, 2,
2.5%, 3A. Atomic source temperature 7= 120 °C,
W = 35 mW/cm?.

In relation to the new dip observed at
the closed transition, it is worth
mentioning that its starting point is now at
L = L. Hence, as the atomic concentration
rises, the atomic loss in a narrow spectral
interval becomes measurable at a lower L.
It should be stressed, however, that no dip
is observed at L = 1.5A, which can be also
seen in figure 3b, where zoomed spectra
are presented for the Fy=4 —>F,=4, 5
transitions.

To discuss in more detail the absence of
a dip in the fluorescence at the completely
closed transition, we present the
transmission spectra (figure 4) for the
same atomic source temperature and light
intensity as in figure 3. For L = 1.54, 2.5,
in agreement with previous works [3,4,7],
a relative enhancement of the atomic
absorption is observed at the optical
transition resonance with respect to its
wings. This effect, called Dicke narrowing
in optical domain, is related to the
coherent emission nature of the atomic
ensemble. Under the condition of
saturation, Dicke peaks of enhanced
absorption are superimposed on the
velocity selective optical pumping dips of
reduced absorption. As can be seen in
figure 4, the Dicke peak in absorption is

much better expressed for L = 1.5A than
for L =2.5A. Note that the Dicke effect
contribution is less for both open
transitions than for the closed one.

At L =2, 2\, 3\, within the Doppler
overlapped transitions, three well-resolved
features of reduced absorption are
registered, which are centered at the
respective optical transitions. Since for
L=2X\, 2\, 3, the Dicke contribution
vanishes [4], the three narrow peaks in the
transmission being attributed to velocity-
selective optical pumping and saturation.

We can, therefore, conclude, that in all
spectra presented in figure 4, the only peak
in absorption centered at the resonance is
observed for the F, = 4 — F,= 5 transition
and for L=15\ Thus, the well
pronounced Dicke peak in the absorption
spectrum can be the reason for the dip
absence in the fluorescence at L =1.5A
(figure 3b), i.e. even being a non-coherent
process, the fluorescence keeps some
traces of the absorption behavior based on
the coherent Dicke narrowing.

3. THEORETICAL RESULTS

We used the theoretical model reported
in [6] and based on optical Bloch
equations for a two-level system (closed or
open), whereby an open system is the one
where the atomic population losses are due
to the spontaneous emission to a “third
level”, which is not excited by the light.
No population losses are assumed for the
completely closed two-level system. The
two levels denoted as 1 and 2 are coupled
by laser light at frequency w detuned by A
from the resonant transition frequency wy;
(A =W- 0\)21).

For the case of open transitions, in our
simulations  we  used  parameters
corresponding to a realistic alkali system,
while for the probability of a decay from
level 2 to level 1 we assumed the value
a=0.6. In order to analyze the new dip
observed experimentally in the
fluorescence profile of the Fy =4 — F,=5
transition, we introduced a small loss in
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the system of the completely closed two-
level transition, namely o =0.99. The
assumed physical processes behind this are
based on the degeneracy of the two-level
system. As has been shown in [8], if the
F,=4—> F,=5 transition is excited by
linearly polarized light (as in our
experiment), Cs atoms accumulate on the
F, =4 Zeeman sublevels with the highest
probability of excitation, i.e. the highest
fluorescence is expected for slow atoms
[7]. However, in the case of depolarization
of the excited level, a significant portion of
slow atoms will be accumulated on the
F, =4 Zeeman sublevels with the lowest
probability of excitation [8]. Hence, if the
two-level system is a degenerate one, the
excited state depolarization will transform
the completely closed system to one with
effective loss in the excitation process. The
reduction in the optical transition
excitation rate will be the most significant
for slow atoms, resulting in a narrow dip
formation in the fluorescence profile. The
assumed depolarization of the excited level
can be caused by collisions between Cs
atoms. In support of this suggestion, we
point out that the experimental dip in the
fluorescence  starts at lower cell
thicknesses and its amplitude is enhanced
when the atomic source temperature is
raised. Another reason for the excited state
depolarization could be the influence of
the cell window, as has been suggested in
[9].

The theoretically calculated
fluorescence profiles for the
Fy=4 — F,=5 transition (for ¢ =0.99, a
slightly open two-level system) are
presented in figure 5 for two different light
intensities and for ETC thickness L =2,
1.5%, 2X, 2.5\, 3A. It is seen that the
saturation dip centered at the optical
transition occurs for L >2\. Hence, the
theoretically assumed loss seems to be
higher than that taking place at 7=98 °C
(figure 2) and lower than at 7=120°C
(figure 3). Comparing figure 5a and figure 5b,
one can conclude that the width of the
saturation dip and the width of the entire

transition grow with the light intensity.
But this enhancement is not significant.

0.6 )
W =35 mW/cm

0.5
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0.34
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Figure 5. Theoretical fluorescence spectra
calculated for o = 0.99 and thicknesses L = A, 1.51,
2, 2.5X, 3\ at two different laser light intensities:
a) 35 mW/cm? and b) 47 mW/cm?.

The calculated absorption spectra for
the F; =4 — F,=5 transition are shown
in figure 6. Narrow absorption dips are
observed for the case of L=2, 2A, 3A
(figure 6). The width and the contrast of
the theoretical dips in the absorption are in
good agreement with those of the
experimental peaks in the transmission
profiles (figure 4). For L =15\, 2.5\
(figure 6b), narrow absorption peaks
superimposed on broader dips are
obtained. The narrow peaks are
manifestation of the Dicke effect revival,
which is much better expressed for
L = 1.5\ than for L = 2.5A. For the last two
cell thicknesses, the theoretical and
experimental results are also in good
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agreement. As in the case of the
fluorescence profiles, the theoretical
absorption  spectra do not  differ
significantly for the two used light
intensities.

081 W = 35 mW/cm?
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Figure 6. Absorption spectra of the D2 line of Cs
calculated for a = 0.99 and thicknesses L = A, 1.54,
2\, 25X\, 3L at two different laser intensities:
a) 35 mW/cm? and b) 47mW/cm?

4. CONCLUSION

We investigated absorption and
fluorescence spectra of optical transitions
starting from the F, = 4 level of the D; line
of Cs vapor confined in ETC. The ETC
thickness varied from L = A to L = 3A. The
experimental measurements were
performed using a registration system of
higher spectral resolution than those used
in previous works.

In the fluorescence profile of the
completely closed Fe=4—>F.,=5

transition, a well pronounced narrow
saturation dip was observed for the first
time. Under the conditions of our
experiment, no dip in the fluorescence was
registered for L =15\ As for this
thickness a well pronounced Dicke peak
appears in the absorption spectrum, the
absence of a saturation dip in the
fluorescence is related to the Dicke revival
effect. It is well known that in the ETC, in
general the fluorescence profile does not
follow the absorption profile of the optical
transition, because the two processes are
based on groups of atoms with different
velocity. However, our experiment showed
that some traces of the coherent absorption
effect still remains in the non-coherent
fluorescence.

The theoretical modeling of the
fluorescence based on the optical Bloch
equations for a two-level atomic system
(closed or open), showed that the narrow
dip in the fluorescence could be attributed
to a very small loss in the excitation
process of the degenerate Fy =4 — F.=5
transition. While the population in the
atomic system remains constant, the
depolarization of the excited level can lead
to some loss in the efficiency of the optical
transition excitation. The theoretical
results presented are in a very good
agreement  with the experimentally
observed absorption and fluorescence
profiles.

These results contribute to the further
advancement in the fundamental studies of
coherent effects, saturation and optical
pumping processes in extremely thin vapor
layers. They show that the coherent,
saturation and optical pumping processes
depend on the atomic concentration.

The work was supported by the
Bulgarian National Science Fund under
grant D0O-02-108/22.05.2009 and by the
Indian-Bulgarian bilateral collaboration
(project BIn-2/07).
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Among the basic advantages of the JET
core LIDAR Thomson scattering system
(Fig.1) is its potential to measure the
electron temperature T, and density ne
profiles simultaneously along the entire
line of sight inside the torus. Its spatial
resolution of 12 cm suffices to resolve the
global profile shape, but does not allow the
visualization of small-scale structures,
such as the narrow-edge pedestal area,
which has a typical length of 2-3cm.
Enhancement of the system’s resolving
power can be achieved by applying
deconvolution to each of the signals from
the six spectral channels using the
system’s instrument function, as has been
demonstrated in [1]. However, the data
improvement using this technique has been
limited by the necessary application of a
low-pass filter H(r) in the deconvolution
algorithm in order to keep the deconvolved
noise below a tolerable level, which in turn
leads to an incomplete reconstruction of

the ‘true’ lidar profile LJ*(r). The

enhanced spectral signals thus obtained are
given by:

L(r)= L™ (N)@H(r)+W™(r), (1)

where LI™(r) are the deconvolved signals

Divertor LIDAR
detetion system

Core

(4-detector Polychromator)
LIDAR laser

Digitizers

Electronics
&~ Divertor

" LIDAR laser

Core LIDAR
detection system
(6-detector Polychromator)

Safety shutter l,

Biological-shiéld
(Concrete, 3m thick sides,
2.5m thick celling)

Scattered light

Collection mirrors Main & divertor

LIDAR light paths

Laser

Figure 1. Thomson scattering core lidar in the JET,
Culham Science Centter, UK.

in the p = 1...6 spectral channels, W *(r)

is the residual noise for each channel, r is
a line-of-sight coordinate, and ® denotes
convolution. The requirements to this low-
pass filter could be reduced by upgrading
certain hardware components within the
system. For example, it has been shown
that improvements to both the spatial
resolution and the signal to noise ratio
(SNR) can be achieved by replacing the

® Presented at the 37" EPS Conference on Plasma Physics, Dublin, Ireland, 2010.
® See appendix of F. Romanelli, IAEA, Geneva, Switzerland, 2008.
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existing detectors with faster and more
sensitive GaAsP detectors [2]. This work
has also shown that an additional
upgrading of the existing digitizer from a
1 GHz bandwidth device with 5 GSa/s to a
4 GHz bandwidth, 20 GSa/s will reduce
the overall system resolution to 7cm at a
three-fold improvement of the SNR [2].
This would reduce the need for H(r), but
still not fully eliminate it.

We performed a further improvement in
the deconvolution algorithm in view of a
finer estimation of the true T, pedestal,
assuming a well-known filter characteristic
H(r). The approach is intended for
application after upgrading the lidar
receiving system with novel detectors and
digitizers. However, the results presented
and discussed here pertain to preliminary
tests of this approach using the present
core LIDAR data (spatial sampling step of
3cm). The optimal performance of the

Transformation to
Jliridcfacr)re a new, finer,
Data sampling step 1cm
) (15 GSa/s)
sampling T
step 3cm 1
sz | !
|
e o o o e e

algorithm requires a smaller lidar data
sampling step (<1cm). To this end, we
applied an original algorithm [3] for
transforming the lidar profiles to a finer
spatial step of 1cm. Using this method,
time averaged pedestals with a minimum
time resolution of 1s (4 laser shots at
4 Hz) can be resolved. Single shot
performance can be achieved after
upgrading the core lidar hardware without
using the method in [3].

The block diagram schematic of the
implementation of this approach (figure 2)
includes two novel blocks. In block 1, the
lidar profiles are transformed to a 1cm
sampling step [3]. Following this, the
convolved and deconvolved T, profiles are
retrieved and further used for resolving the
T pedestal via the optimal algorithm
(block 2). This algorithm is the
key algorithm here.

v

Convolved Algorithm for
temperature estimation of the
profile true pedestal
Deconvolved Sgﬁﬁmgz’h’
temperature position
profile 2

Figure 2. General block diagram of the processing chain

The method in block 1 is based on the
lack of synchronization between the laser
pulse and the sampling generator, resulting
in some time delays within one sampling
step of the acquired profiles with respect to
the laser emission. These delays, which
contain information about the fine
structure of the lidar profiles in the
pedestal area, are estimated from the
sampled lidar data assuming (for these
preliminary test purposes) a stationary
behavior over the H-plasma mode. The
lidar profiles are then rearranged onto the

finer time scale, taking into account the
above time delays that are divided
beforehand into Q groups. Thus, the new
sampling step will be Q-times as small as
the formeroneor sr=1cm, if Q =3.
The basic parameters of the electron
temperature pedestal used here are as

follows: S’i"(r)- normalized pedestal
shape; A.,- pedestal amplitude; W, -
pedestal width; r.,,- upper pedestal

position. The aim here is to create a model

var

of the electron temperature profile T, (r)
with variable pedestal parameters. The true
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Te profile outside the pedestal area is
assumed to be identical to the convolved

profile T"(r). As such, the variable

profile T*(r) can be further convolved

with H(r), which is preliminarily defined
within the deconvolution [see Eqg.1]. The
smoothed variable temperature profile is

denoted by T,”[r,H(r)]. For each set of
pedestal parameters, the functional F , is
then given by the expression:

Fy= 2I0O-T0HOP @

reped.area

The functional F, has a minimum when

T (r,H(r)) > T"(r). As an estimate of
the true Te profile with a range-resolved
pedestal, the profile T, (r) with pedestal

parameters corresponding to the minimum
of the functional F in (2) may be used.

The problem formulated by (2) provides
an optimal estimate of the T. profile. By
finding the optimal pedestal parameters,
the entire T, profile in the torus over the
entire plasma sounding path can be
restored. As a result, the information
extracted from the core lidar data in the
region of the plasma T, pedestal can be
significantly improved.

The results of simulations using the
core lidar parameters confirmed the good
performance of this method at SNRs ~ 20
that are typical in H-mode, high-
triangularity plasmas. Some example
results for T, profiles (averaged over 25
shots) are given in figure3 where curve 1
shows the input T, profile and curves 2 and
3 show the convolved and the deconvolved
profiles, respectively. As can be seen, the
retrieved estimate of the input profile
(curve 4) is closely coincident with curve
1. Moreover, the convolved by H(r)
retrieved profile (curve 5) overlaps well
(as can be expected) with curve 3, which
corresponds to the minimum of the
functional in (2). The deviations of the
retrieved pedestal widths for input pedestal
widths ranging from 1.8 cm to ~5cm are
given in figure 4. It can be seen that the

retrieved pedestal widths vary by +1cm
with respect to the input pedestal widths.

3,0

—&— input model

o5 —&—convolved T_profile

—e—retrieved T_ profile in pedestal area

20 K- —w— convolved by H(r) retrieved profile ||

1,5

T [keV]

e

1,0 Mev 2

0,5 SNR=20 -
mean of 25 shots B \
0,0 4%
360 365 3,70 3,75 3,80 3,85 3,90 3,95 4,00
distance in torus (step 1cm)

Figure 3. Performance of the fitting algorithm.

6
simulations O 6

determined pedestal width [cm]

0 1 2 3 4 5 6
input pedestal width [cm]

Figure 4. Deviations of the retrieved pedestal
widths for input pedestal widths.

Figures 5(a) and (b) show some
preliminary results from the application of
this method to core lidar data for JET
pulses of different triangularity, together
with validated T, profiles from the JET
high-resolution ~ Thomson  scattering
(HRTS). The resolved mean T, profiles
using the novel algorithm are presented by
curves 2. The curves 1 are the HTRS Te
data, while curves 3 show the curves fitted
to the HRTS data. It can be seen that the T,
pedestals are well defined by both the core
lidar (curve 2) and the HRTS system
(curves 1 and 3) T, profiles. The pedestal
shapes retrieved by the novel algorithm
also agree well with the fitted HRTS
profiles. The statistics over 15 processed
JET pulses exhibits differences below
+1cm in the estimates of the mean
pedestal widths determined by both
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techniques.  Moreover, the pedestal
amplitudes match those from the HRTS
fitted data to within £0.2 keV. Thus, good
consistency is seen between the pedestal
parameters estimated by both techniques.

5

# 73344, H-mode 3
411 high triangularity ‘
; !
3R |
= it -
3 b i
X 2 ml :
I_zv
1 1-HRTS .,
2 - Core Lidar, method 5 -—

0 ;
3,3 3,4 3,5 3,6 3,7 3,8 3,9[m]
distance in torus (step 1cm)

Figure 5a. Comparison of retrieved T, profiles within
the pedestal area by the novel method and by the HRTS
technique for high-triangularity JET pulses.

30 31 32 33 34 35 36 37 3:8 3,9[m]
distance in torus (step 1cm)

Figure 5b. Comparison of retrieved T, profiles within
the pedestal area by the novel method and by the HRTS
technique for low-triangularity JET pulses.

In  conclusion, we developed a
successful approach to resolving the mean
T. pedestal profiles within JET plasmas
using data from the core lidar diagnostic.
Significant further improvement of this
approach should be possible when
combined with the upgrades to the core
lidar system discussed here, which should
enable single shot pedestal analysis.
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* *: AND TRAINING OF YOUNG SCIENTISTS WORKING IN
THE FIELD OF LIGHT-MATTER INTERACTIONS
Contract # BG051P0001.3.3.04/54/2009
Project funded under the Operative Program “Human Resources Development” of the Euro-
pean Social Fund

STEC
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o

e DEVELOPMENT OF INTERDISCIPLINARY THINKING i

General Directorate “Structural Funds and International Educational Programs” of the Minis-
try of Education, Youth and Science of Republic of Bulgaria

Operation scheme BG051P0001-3.3.04 “Support of PhD students, post-doctors and young
scientists’ development”
Priority axis 3 “Improving the quality of education and training in correspondence with the
labour market needs for building a knowledge-based economy”

Terms: 2009-2011
Total support: 510 438 BGN
Young scientists involved: 29 persons

Web-site: http://www.ie-bas.dir.bg/YoungSci/

Consortium: Institute of Electronics (IE-BAS) — Basic organization,
Institute of Astronomy (IA-BAS), Optella Ltd. - partners

Project management team:

Assoc. Prof. Dr. Ekaterina Borisova - project coordinator

Irina Bliznakova — technical assistant
Yordanka Dragomanova — accountant

Partners’ advisory committee:

Assoc. Prof. Dr. Sanka Gateva - IE-BAS
Assoc. Prof. Dr. Anna Dikovska — IE-BAS
Assoc. Prof. Dr. Tanyu Bonev - IA-BAS

Assoc. Prof. Dr. Radoslav Zamanov - |A-BAS

Assoc. Prof. Dr.Sci. Latchezar Avramov — Optella Ltd.

Main Project Goals:

Support of young scientists and PhD
students from Institute of Electronics and
Institute of Astronomy in the framework
of partnership developed between these
organizations for enhancement and broad-
ening of their professional skills and
knowledge. Institutional fostering of the
management and administration’s work
with young specialists is foreseen under
the project activities. This project provide

many opportunities for young profession-
als from the basic organization and the
partners to enhance their qualification in
the field of photonics, including numerical
and statistical methods and modeling of
processes and systems, enhancing adapta-
bility and flexibility through professional
training in technology transfer of scientific
knowledge to innovation and development
environment and production. The project
supports mobility and provides short-term
scholarships for young scientists and
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graduate students in foreign R&D organi-
zations to study the hybrid applied science
fields and to allow their access to unique
equipment. Improvement of the institu-
tional capacity of the IE-BAS and IA-BAS
through capacity building of young profes-
sionals in these organizations with access
to additional training and trans-national
cooperation schemes is foreseen.

Increased investment in capacity and
training of young scientists and graduate
students from IE-BAS, and partners is
foreseen in the frames of the project, as
well as development of long-term strategy
for exchange and cooperation with innova-
tive companies - to increase the feasibility
of their scientific output.

Major activities in 2010:

1) Individual support for participation
of young researchers in specialized scien-
tific conferences and seminars, as well as
for meetings for international contacts es-
tablishment and training — five persons
were supported for participation in Young
Scientists Schools in Bulgaria, and eight
persons were supported for participation in
international conferences and Schools out-
side of the country;

2) Initial individual grants for stimula-
tion of the work of all young participants
in the project were issued,;

3) Internet site of the project was de-
veloped. All information about project ac-
tivities, current lecture courses and other
activities are presented on the address:
http://www.ie-bas.dir.bg/YoungSci/ ;

4) Modernization of equipment for the
seminar room of the Institute for seminar
implementation and training of the target
group was made;

5) Courses and seminars with advanced
specialists in the field of photonics,
mathematical modeling, data and image
processing, presentation of scientific re-
sults and presentations’ preparation, pro-
jects development, as well as individual
interdisciplinary research and applications
were carried out — more than 100 hours

lectures, formed in 14 lectures’ courses
implemented in 2010;

6) Experimental training laboratory is
in the field of absorption, reflectance,
transmission and fluorescent spectroscopy
was purchased and installed for training of
young researchers. Initial training was car-
ried out with practical examples of possi-
ble applications;

7) Organization and implementation of
specialized Seminar “Laser and optical
methods in medicine and biology”, at
24.06.2010, with eight invited lecturers;

8) Organization and implementation of
Young Scientists Summer School on Spec-
troscopy and Photometry, in the period of
30.07.2010-04.08.2010, NAO-Rojen, with
eight invited lecturers and 40 lectures’
hours, as well as 5 night practical investi-
gations for the young researchers and PhD
students;

9) Subscription to specialized databases
and international journals in the field of
photonics, info- and nano-technologies
and specialized software — GRID network;

10) Short-term individual trainings of
several young researchers by the high-tech
company — partner in the project with
presentation of examples and application
possibilities for “good practices” for trans-
fer of knowledge from science to innova-
tive practice;

11) Permanent activities for informing
of young researchers for all project initia-
tives, lectures’ presentations, information
about other initiatives, related to the young
scientists’ activities from BAS and Minis-
try of Education, Youth and Science, by e-
mail circular letters and printed an-
nouncements;

12) Project management — meetings of
the project management team and part-
ners’ advisory committee, accounting,
documents support, carrying out of legal
procedures needed for project implementa-
tion. Implementation of work meetings for
monitoring and evaluation of the perform-
ance and preparation of project activities
foreseen in the project, as well as for the
results obtained.


http://www.ie-bas.dir.bg/YoungSci/

SCIENTIFIC EVENTS

e Eighteenth International Symposium on Gas
Flow and Chemical Lasers & High Power
Lasers (GCL&HPL 2010)

e Sixteenth International School on Quantum
Electronics: Laser Physics and Applications
(16" ISQE)
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18" INTERNATIONAL SYMPOSIUM on GAS FLOW and CHEMICAL
LASERS&HIGH POWER LASERS - GCL&HPL 2010

August 30"-September 3", 2010, Sofia, Bulgaria

The 18" International Symposium on
Gas Flow and Chemical Lasers and High-
Power Lasers (GCL-HPL 2010) was held
in Sofia, Bulgaria, from 30 August to
3 September 2010. This edition of the
traditional  biennial symposium  was
organized by the Institute of Electronics at
the Bulgarian Academy of Sciences and
was dedicated to the 50™ anniversary of
the invention of the laser. The Symposium
Chairs were Academician N. Sabotinov
and Corresponding Member P. Atanasov.
Members of the Organizing Committee
were Assoc. Prof. N. Nedyalkov, Assoc.
Prof. A. Dikovska, Assoc. Prof. T. Dreischuh,
Mr. 1. Grigorov and Symposium Secretary
Dr. E. Krasteva — all from the Institute of
Electronics. The event was financially
supported by EOARD, SPIE, the
Bulgarian Academy of Sciences and the
National Science Fund of Bulgaria. This
was the 18" in a series of symposiums to
focus on gas flow, chemical and high-
power lasers. The scope of the GCL-HPL
is broad, including fundamental research,

laser development and systems engineering
(gas and chemical lasers, solid state, disk
and fiber lasers, lasers emitting in the UV
& VUV ranges of the spectrum), short
pulse amplification, resonators and active
optics, as well as gas, chemical and high
power laser applications in a wide range of
fields — laser matter interaction, nano-
photonics and microprocessing, propaga-
tion, space and sensing. GCL-HPL 2010
brought together scientists and engineers
from all over the world to create an event
where members of the laser community
could meet to exchange ideas, review the
latest technologies and achievements, dis-
cuss the future directions, and initiate new
collaborations and joint research projects.
Over 110 scientists from Austria, Canada,
China, Czech Republic, France, Germany,
Iran, Israel, Italy, Japan, Portugal, Russia,
Spain, South Africa, United Kingdom, the
United States of America and Bulgaria
participated in this edition. The choice
of Sofia, one of the oldest cities in
Europe, strongly enhanced the friendly and
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stimulating atmosphere of the symposium.
The GCL-HPL 2010 symposium also
provided a meeting place for discussion
between senior scientists and young
researchers. To encourage and acknowl-
edge excellence in oral and poster student
paper presentations, SPIE sponsored the

three best student paper awards. The
Organizing Committee would like to thank

the members of the international advisory
committee for their great support. Thanks
also go to the SPIE staff for their
invaluable assistance to publish v.7751,
the Proceeding of XVIII International
Symposium on Gas Flow and Chemical
Lasers and High-Power Lasers (GCL-HPL
2010) which collects the papers presented
at the Symposium.
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16" INTERNATIONAL SCHOOL ON QUANTUM ELECTRONICS (16" ISQE)
“LASER PHYSICS AND APPLICATIONS”

20-24 September 2010, Nessebar, Bulgaria
http://www.isge2012.dir.bg/sge2010/index.htm

The 16" issue of the traditional Interna-
tional School on Quantum Electronics
took place in hotel Marina Palace, Nesse-
bar from 20 to 24 September 2010.

This issue of the school was organized
in cooperation with:

e SPIE

e  OSA - The Optical Society of America

° EPS - The European Physical Society,
announcing our event as ,,High sci-
entific European conference”

e  EOS - The European Optical Society
° NTUA - The National Technical
University of Athens — Greece
e Vivacom Fond, Bulgaria - Health

and education program

Lecturers from 21 leading laboratories
have been invited to present the resent
development in five scientific topics:

Laser — matter interactions

Laser spectroscopy and metrology

Laser remote sensing and ecology

Lasers in biology and medicine

Laser systems and nonlinear optics
The lectures were structured to start
with brief overview in the domain for the
very young participants and to point out
the recent achievements and results in the
presented laboratory. The final program
contained presentations of 17 invited
speakers from 16 countries.

The 16" ISQE has been visited by 84
regular participants and 10 accompanying
persons from 23 countries. They have pre-
sented 81 poster contributions. The young
participants (aged under 35) was given the
opportunity to participate in the “Best
young scientist poster presentation” com-
petition. The competition meets 21 candi-
dates from 8 countries. The International
Advisory- and Program- Committees have
elected a jury to evaluate the quality of the
posters. The organizers were very pleased

to give the jury the opportunity to distrib-
ute two sets of awards offered to the
school by the Optical Society of America
and by the SPIE. The awards were
published on the school web-site along
with the nomination criteria one year
before the school opening. They were as
follows:

OSA best poster award (600%) -
15%2M/3" place 250$/200$/150%

SPIE best poster award (500%) -
1%/2"/3" place 250$/150$/100%

The international jury awarded 7 in-
stead of six posters due to the strong com-
petition sharing the SPIE 3" place between
two candidates. On Friday, September 24,
the awarded students were given the op-
portunity for 15 min. for oral presentation
of their work in front of the school
audience.

During the two poster-session days in
parallel to the scientific presentations a
scientific exhibition was organized. Five
stands were arranged presenting publicity
materials and giving live demonstrations
of apparatus of leading companies in the
domain of laser physics:

Stand 1: Thorlabs GmbH

Stand 2: Toptica Photonics AG

Stand 3: ASTEL Ltd. — official repre-
sentative of Ocean Optics and
Horiba

Stand 4: Coherent Ltd

Stand 5:  Edinburgh Instruments Ltd

The representatives of the scientific
exhibition was given time for presentation
of the company products application in the
domain of the school topics.

The national and international organiza-
tions provided young scientist participa-
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tion support expressed in 3 EPS, 7 OSA
and 7 Vivacom Fund participation grants.
The social program of the school in-
cluded welcome cocktail on Monday 20,
September, official dinner on Wednesday
22, September and excursion with guided
tours in the ancient cities of Sozopol and
Nessebar, the ancient Apollonia and
Mesembria, on Thursday 23, September.
The full history of the event is
published on a special web-page in the
history of the International School on
Quantum Electronics at
http://www.isge2012.dir.bg/history.htm .

Common picture of the participants during the first
school day.

Best student poster award winners.

From left to right:

Prof. Shane Mayor, OSA Representative

Mr. Luca Marmugi, OSA awards 1% place

Mr. Nikolay Dimitrov, OSA awards 2" place

Ms. Danjiela Miletic, SPIE awards 1% place

Mr. Ahmad Khayat Jafari, SP1E awards 3 place (shared)
Ms. Aneliya Dakova, SPIE awards 3" place (shared)
Ms. Domna Kotsifaki, SPIE awards 2" place
Prof. Alexandros Serafetinides, SPIE Representative


http://www.isqe2012.dir.bg/history.htm

AWARDS

e Academician Djakov Award 2010
e Honorary Diploma
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