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HYDROGEN ADSORPTION ON THE DIAMOND C(111) SURFACE:
QUANTUM-CHEMICAL SIMULATION

The interaction of atomic hydrogen with the C(111) surface is the subject of the present work. Two configurations of the surface have
been studied — C(111)-1x1:H and C(111)-2x1:H. The hydrogen adsorption on the diamond surface C(111) have been studied with the help
of semi-empirical method of quantum-chemical modeling MNDO (MOPAC) and ab-initio Hartree-Fock method (PC GAMESS).

Keywords: diamond C(111) surface, hydrogen adsorption, cluster, computer simulation, MNDO (Modified Neglect of Differential

Overlap), ab-initio method.

Introduction. Interest from both a fundamental and an
applicative perspective has stimulated much research in
diamonds interfaces and adsorption of different atoms and
radicals on diamond surfaces. In particular, considerable
attention has been directed at the study of the hydrogen
adsorption on C surfaces. Hydrogen terminated diamond
surfaces exhibit unique properties: negative electron affinity
and high p-type surface conductivity under appropriate
conditions [2]. Also the interaction of atomic hydrogen with
the C(111) surface have been studied due to their
importance in the CVD process [8]. H atoms not only can
preferentially etch away graphite component and assure
the smoothness of diamond surfaces, they can also
terminate the surface C atoms to maintain the sp3
hybridization so that graphite formation can be
prevented [9]. Consequently, the interaction between H
and diamond surfaces becomes an important issue for both
diamond technology and surface science study [3, 4].

Mitsuda et al. [5] studied the effects of addition atomic
hydrogen to the reconstructed C(111)-2x1 surface from both
LEED and second harmonic generation (SHG) techniques.
They discovered that the transition (2x1)—(1x1) to occur at
approximately 5% of the saturation hydrogen coverage. Chin
et al. [1] confirmed this result and found that C-H stretch
mode for the begins to transforms (2x1) to (1x1) structure
was slightly up-shifted in energy as compared to the fully
hydrogenated C(111)-1x1:H surface. It means, that this
surface structure is some different that the fully relaxed or
fully hydrogenated surface. That a small fraction of a
monolayer of chemisorbed hydrogen has implications for
impurity stabilized surface diamond structures.

Many theoretical and experimental works have been
performed in the reaction of H with diamond surfaces by
using various methods. But for today the interaction of H
atoms with surfaces C(111) is the unknown mechanism of
the (2x1) to (1x1) transformation induced by hydrogen
adsorption on a diamond surface, along with the structure
of an intermediate metastable surface reconstruction that
appears in the initial stages of hydrogen absorption on the
(2x1) structure.

Results and discussion. Investigations of diamond
surfaces C(111) were performed on the diamond
nanoclasters C123H79, which used as a models for
C(111)-2x1:H and C(111)-1x1:H surface simulation (fig. 1).
The broken bonds of the carbon atoms at the edge of the
clusters (i.e., the bonds leading into the bulk of the
diamond crystal) were saturated with hydrogen atoms (the
univalent pseudoatoms model). In our calculations, all
carbon atoms were freely optimized, and the hydrogen
atoms (the so called hydrogen bowl) were fixed.

The calculations were performed using the
semiempirical quantum-chemical techniques contained in
the MOPAC software package and the Hartree—Fock (ab
initio) methods of the PC GAMESS package. The Hartree-
Fock method was used as a basis for solving the Roothaan

equations. In determining the optimized geometry of the
system corresponding to the minimum energy, the method
of Davidson-Fletcher-Powell was applied. In the system
stationary points, the gradients on the atoms did not
exceed 3 kcal/A. We calculated the energy of the clusters,
the atomic bond orders, the population of atomic orbitals
and the molecular, localized orbitals.
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Fig. 1. Clusters, modeling the hydrogen terminated C(111) surfaces:
a) the Pandey-chain reconstructed C(111) -2x1:H surface,
b) the "ideal" structure C(111) -1x1:H

These clusters reproduce reconstructed diamond
C(111)-2x1 surface with the chain reconstruction as
proposed by Pandey [6] and the ideal C(111)-1x1 surface
respectively. We constructed cluster to model ideal
C(111)-1x1 the following way: all of the carbon atoms in
these clusters are positioned at the diamond lattice sites,
i.e., at distances of 1.54 A from one to another. The angle
between the C—C bonds amounts to 109.47°. Then, from
the "ideal" structure C(111) was obtained the cluster with
the reconstructed geometry 2x1.

The most probable reconstruction of the C(111) surface
(occurring at higher temperatures) is the 2x1 — 1 - bonded
Pandey chain structure. The exposed C atoms form upper
and lower zig-zag chains that run in parallel across the
surface. Surface structure composed of a topmost layer of
carbon chains with mostly sp2 character and a next layer of
carbon chains with mostly sp3 character. We find that this

© Ananina O., Severina E., 2014
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structure C(111)-2x1 is highly asymmetric: on the first layer
a relatively strong buckling Az=0.17 A is present [7].The
atoms belonging to the top chains is undimerizied.

Search for the stable configurations of a monohydride
form for the diamond surface (111) leads to two forms
differing in geometry and electronic state: C(111)-2x1:H
and C(111)-1x1:H. In case of C(111)-2x1:H the total cluster
energy is by 15.12 eV higher than in case of C(111)-1x1:H.
The unreconstructed C(111)-1x1:H surface was found to
be lower in energy than the Pandey-chain reconstructed
C(111)-2x1:H surface by 0.84 eV per surface C atom.

The analysis of molecular orbital compositions were
carried out. Properties of the possible of two forms of
hydrogen terminated surfaces on a diamond C(111)
surface with different geometry, electronic properties and
energy of formation is presented in the table 1.

Table 1

Geometric, electronic and energy parameters
of the C132H79 diamond surface C(111) cluster (Fig1. a-b)

claster C-C,A C-H, A q (Csuf), e
C(111)- 1 layer: -0.054 + -0.056
2x1:H 1.5 1.086 | 2 layer: +0.008+ +0.016
c(111)- 1 layer: -0.044 + -0.049
1x1:H 1.55 1.086 2 layer: +0.016+ +0.02
claster q(H), e Ea, eV Eb, eV
1 position-
C(111)- +0.044 + 0.2 1position- 3.4
2x1:H +0.055 2 position- 2position- 3.1
0.45

C(111)- | +0.041 +

Ix1:H | +0.042 0.16 3.7

Ea (eV) — the activation energy of the hydrogen atoms adsorption
on the clean surface C(111);

Eb (eV) — the binding energy of the hydrogen atoms on the clean
surface C(111).

Hydrogen saturation of dangling bonds on the surface
C(111)-1x1 and C(111)-2x1 of carbon atoms leads to a
redistribution of the surface charge: the charge on the
hydrogen atoms is +0.4e++0.5e and the charge on the
carbon atoms is -0.4e+-0.5e (on the clean C(111)-2x1
surface q(C)= -0.01+-0.02e, on the clean C(111)-1x1
surface q(C)=-0.02+-0.03e).

Hydrogenated diamond (111)-1x1:H has an "ideal"
structure, with the surface carbon atoms very near their
bulk-terminated positions. The nearest-neighbor C-C
distance is 1.55 A. Each surface carbon is bonded to a
single hydrogen atom, and the C-H bond vector is
perpendicular to the surface plane. The main difference
between the clean and monohydrogenated C(111)-2x1
structures is in the bond length along the chains, which is
1.46 A and 1.56 A respectively. Increasing the length of the
bond between the carbon atoms in the chains on the
monohydride surface leads respectively to a decrease of
the distance between the rows of chains — 3.33 A (was
4.37 A). In both cases, there is a formation of the covalent
carbon-hydrogen bonds, which have a length of 1.086 A.

To simulate the hydrogen adsorption processes, the
reaction coordinate calculation was used. The hydrogen
atom is located at a distance of 6 A from the surface and
the gradual approach of the H atom to the surface of the
cluster in the process of calculating the reaction coordinate.

On clean ideal surface diamond C(111) we are not
found preferential adsorption centers. The activation
energy of adsorption H on any atom of surface C(111)-1x1
is equals Ea=0.16 eV, the binding energy C-H is Eb=3.7
eV. Because the chain of the surface C(111)-1x2 have a
slope, on the reconstructed surface adsorption mostly will

take place at the higher atoms (1position): Ea=0.2 eV,
Eb=3.4eV (fig.2).

4 l '~ ' d
Ea=0.45eV A3 am(\
— /
P 2 position
S N o 4
Ve C | H =
e~ X A
= Ea=0.2eV ’ M-"m\

Fig. 2. The results of hydrogen adsorption
on the clean diamond C(111)-2x1 surface

H

N

Fig. 3. The hypothetical mechanism transformation
process from C(111)-2x1 to C(111)-1x1:H

Black color shows atoms of the first layer, white — the
second layer, gray — the third layer.

Conclusion. Hydrogenation of the surface leads to
formation two configurations: a metastable (2x1)
configuration with Pandey chains and a stable (1x1)
configuration that is very close to bulk-terminated
geometry. For both configurations bond length C-C is about
equal to the interatomic distance in the bulk. Hydrogen
terminates the surface C atoms to maintain the sp3
hybridization. We find that the most probable monohydride
form for the surface diamond (111) is C(111)-1x1:H. So, in
the case of the hydrogen termination of the diamond (111)
surface, the surface dangling bonds stabilizes without any
noticeable relaxation of the carbon atoms, in contrast to the
C(100) surface.

We proposed the mechanism of the (2x1) to (1x1)
surface transformation induced by hydrogen adsorption on
a diamond surface (fig. 3). Most probably adsorption of the
hydrogen atoms on the reconstructed surface of diamond
with (111)-2x1 will occur selectively, mainly in the upper
atoms of the surface chains.
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AQCOPBLIA BOOAHIO HA NMOBEPXHI AJIMA3Y C(111):
KBAHTOBO-XIMIMHE MOAEJ/TIOBAHHA

lMpouecu 83aemodii amomapHo20 800HI0 3 nosepxHero C(111) e 06’ekmom aHoeo docnidxeHHs1. Byno posensiHymo dei koHgieypauii mosepxHi — C(111)-1x1:H and
C(111)-2x1:H. BugyeHHsi adcopbuji 600HI0 Ha rosepxHi anma3dy C(111) 30iticHio8anock 3a A0roMO20t0 HarieemmnipuyHo20 Memoody K8aHImMo8o-XiMiYHO20 MOOesHo8aHHs

MNDO (MOPAC) i ab-initio memody Xapmpi-®oka (PC GAMESS).

Knroyoei cnoea: rnosepxHsi anmaldy C(111), adcopbuis 800Ht0, Knacmep,

AugheperuianbHUM riepekpummsm,), ab-initio.
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AAlCOPBLISAA BOAOPOAA HA MOBEPXHOCTU AJIMA3A C(111):
KBAHTOBO-XMMWYECKOE MOAEJINPOBAHME
lpoueccel e3aumodelicmeusi amomapHo20 8odopoda ¢ nosepxHocmbto C(111) siensromesi o6bekmom daHHO20 uccredosaHusi. bbio paccmompeHo Ose
KoHebuzypauuu nosepxHocmu — C(111)-1x1:H u C(111)-2x1:H. U3syuyeHue adcopbyuu eodopoda Ha rnosepxHocmu anmasa C(111) ocywecmensnocs npu rnomowu

1oM1yaMIupuUYecko20 Memooda KeaHmoso-xumuyeckozo modenuposaHusi MNDO (MOPAC) u ab-initio Memoda Xapmpu-®oka (PC GAMESS).
Knroyesble cnoea: nosepxHocmpb anmasa C(111), adcopbyus eodopoda, Knacmep, KeaHmogo-xumudyeckoe modenuposaHue, MIAM (mModugbuyuposaHHoe

rpeHebpexeHue dughghepeHyuarnbHbIM nepexkpbimuem) , ab-initio.
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SIMULATION OF NEURAL NETWORKS BY THE ANALOG CALCULATING MACHINE (ACM)
(IN THE TASK OF APPROXIMATION OF MATHEMATICAL FUNCTIONS)

By means of environment of design NI Multisim realized and investigated ACM which is modeling Rumelhart’s perceptron that is
presently most investigational. Using ACM was obtained approximated mathematical function sin (x). Analysis of approximation showed
that ACM meets implemented to the task and meet the stated accuracy of the simulation function.

Keywords: neural network, Rumelhart’s perceptron, approximation of function, analog calculating machine.

Introduction. For a long time people tried to explain,
as functions their own thinking. Neurobiologists and
neuroanatomists attained considerable progress in the
study of cerebration. Prospecting a structure and functions
of the nervous system of human, they much understood in
the "wiring" of brain, but small learned about his
functioning. In the process of researches it turned out, that
a brain had stunning complexity: billion of neurons, each
of that is connected with hundreds or thousands others,
form the system that far exceeds our brave dreams about
super computers. A concept "artificial neural network" was
first entered in 40’s years of last century [6]. On logical
level an artificial neural network designs activity of the
nervous system of human and animals. The formal
neurons united in network can decide tasks that
traditionally behave to the area of "human activity" (for
example recognition of patterns and even making decision
on the basis of incomplete information). Especially
interesting is ability of neural networks to study and
memorize information that reminds human’s intellection.
Therefore in early works of research of neural networks a
term "artificial intelligence" was often used.

Short time ago interest to artificial neural networks
quickly grew. They took up specialists on such distant
areas, as a technical constructing [8], physiology [7] and
psychology [1]. This interest is clear: an artificial neural
network, essentially, is the model of the natural nervous
system, that is why creation and study of such networks
allows to know much about functioning of the natural
systems. Other important property of neural network is
reliability [3]: even if a few elements will work wrong or
break ranks, however, a network will be able to give out
correct results, but with less exactness.

Some types of neural networks have the ability to
generate an abstract image on the basis of a few input
signals [5]. For example, it is possible to teach a network,
giving the sequence of the twisted images of letter of "A".
After studies a network will be able to generate the letter of
"A" without distortions, namely the network can generate it
that she never given.

Neural networks can execute the enormous amount of
various tasks most widespread from that is: nonlinear
approximation of multidimensional functions, prognostication
of development of processes that depend on many the

© Andrusenko V., Bekh I., Novak S., 2014
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variables in time, classification of input images, recognition
of images, search of associations, clench of data and other.

In this work one of these tasks is examined -
approximation of multidimensional mathematical functions.
This task is very interesting from the point of view of
analysis of experimental data and search of decisions, that
it is impossible, or very difficult to find analytical methods

Tools of analysis and physical model. A biological
neuron consists of body of cage, dendrites, and long axon.
Dendrites is input fibres of neuron, they get information
from other neurons. The receipt of signal on a dendrite
excites or inhibits a neuron proportionally to amplitude of
signal. Every dendrite influences on a cage with different
force, in the process of studies this force changes
constantly. The amount of dendrites can be varied in very
wide limits - from units to a few hundreds. In totality all
dendrites set the state of neuron that is passed through the
axon to the next neurons.

These properties were fixed in basis of mathematical
model of neuron. A mathematical neuron is an adder, the
unique exit of that is determined through his inputs and
matrix of weighting coefficients as follows: y = f(u), where

U=iwf'x,-+Wo'Xo .
i=1

Here x; and w; - accordingly signals on the inputs of neuron
and weighting coefficients of entrance, the function of u is
called the state of neuron, and f(u) — a transmission
(activating) function. Inputs signals can be discrete and
analog. The additional entrance of xo and corresponding to
it weigher coefficient of wp are used for creation of change.
Type of activating function of neuron of y = f(u), as be
shown below, can be arbitrary (but integrated with the
square) and elected in accordance with certain technical
requirements, or certain task [2].

A network consists of arbitrary amount of layers of
neurons. The neurons of every layer combine with neurons
previous and next layers, following on principle that each
with each (Fig. 1). The youngest layer is named sensory, or
entrance, internal layers are called hidden, or associative,
last - the outlet or effective. An amount of neurons in every
layer can be arbitrary, and elected in accordance with a task.

X
X2
Xs .

Fig. 1. Internal connections in the neural network

Outputs

Mathematical neurons can unite by different way,
forming the neural networks of different architecture. As a
rule, neurons collect in separate layers, where all neurons
are equal in rights and layers combine among ourselves,
forming a neural network.

The multi-layered network of direct distribution is used in
our work — multi-layered Rumelhart's perceptron, which is
the most researched and has an easy learning algorithm [4].

Work of select network is described thereby. Inputs
data come on the first (entrance) layer. For every neuron of

entrance layer the sum of products of signal on entrances
(sinaps) and corresponding weight coefficients. Outputs
signals of neurons of the first layer calculated according to
an activating function.

The inputs signals of neurons of the first layer are used
as entrance signals for a next layer, the status of neurons
calculate at a next layer. This operation is repeating while
the last layer is not attained. Signals of neurons in output
layer are outputs signals. This operation can be described
by expression:

I2

f(x)=F ZW,N,NN...ZW,.ZJ.ZQ.F[wa—em]—ejzz...ejw
N 2

wap_1

wap_2

wap_N

For today simulation of neural networks is conducted
mainly on digital computing machines. It has plenty of
advantages: emergency universality, big exactness (and
thus predictability of algorithm), stability and many other.
But per all these advantages would to pay a very small
speed and productivity.

On the other hand modern operational amplifiers can
work with frequency a few gigahertzes. Maximal frequency
of calculation of function by an operational amplifier is in
several times less, than his marginal frequency. If to
increase the amount of connections of model neuron, say,
in two times, productivity of digital model will decrease
approximately in the same number of times, and the
productivity of analog model will not almost change
(although a scheme considerably will become
complicated). In addition a price per processor is far more
than on the analog scheme of the near productivity.

Thus development of analog machines for modeling of
neural networks is a perspective task.

From the successfully selected analog model of neuron
very much depends successful implementation it in the real
scheme of ACM for modeling of neural network. The
technical requirement for the analog model of neuron is
ranges of input and output voltages and exactness of
approximation. The range of output voltages of analog
model of neuron is choosing within the limits of +15B.
Necessary exactness of accordance of analog model of
neuron to the mathematical model must be anymore than
desirable exactness of approximation, namely a nearly
0.01%. From the latter follows, that an analog neuron must
have mechanisms of exact correction of error.

Going out from the architecture of neural network that
was selected by us, ACM for her modeling must consist of
multipliers, adder and nonlinear element.

Important part of ACM is a nonlinear element. At the
time of creation of the real scheme it is necessary to take
into account some reasonings:

a) the transmission function of nonlinear element must
squeeze, namely at presence a large argument she must
become a line. It follows out from the real limitation of
range of output voltages of operational amplifier on the
base of whose created nonlinear element. In other time,
behavior of function at large arguments will become
unforeseeable;

©0) a transmission function of nonlinear element must be
symmetric relatively to beginning of coordinates (odd).
Otherwise it will not be succeeded to use all dynamic range
of operational amplifier and scheme will become very
sensitive to zero drift of operational amplifier;

B) it is desirable, that a transmission function of
nonlinear element was the easy, and her derivative was
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easily expressed through the value of function, that will
considerably simplify the algorithm of studies.

These criteria befit for a hyperbolical tangent. Analog
computation of hyperbolic tangent is implemented simply
enough, about that testifies curve on Fig. 2.

Uout, v y= P1*th (P2*x)

16 - P1 15.4883 0.00321

1 P2 -4.07757 $0.00324
4 -

1 P1
4 P2
-16_ T T T 1

0,6 0 0,6
Uin, V

Fig. 2. Graphic of function of hyperbolical tangent,
got as a result of analog calculation

A multiplier must have large exactness, maximum
frequency and possibility of work with a bipolar signal. And
temperature drift of parameters must be enough small.
Parabolic multipliers (on quadrants) are satisfying these
requirements.

Principle of work of such multipliers is based on a
mathematical operation:

(X+Y) =(X-Y)
4

what is executed by means of diode functional converters
that work in the mode of piecewise-linear approximation.
Creation of similar multiplier on the base of operational
amplifiers, technically enough not simple task. Therefore,
for realization of ACM was selected the prepared multiplier
in integral implementation AD734AN.

Any analog scheme has certain admittance of
parameters and AD734AN of no exception. Therefore, to
assert possibility of creation of the real analog neural
network it is necessary to have the opportunity to eliminate
the errors caused by variation of parameters of elements.
To compensate errors, enough to give the proper tension
with an opposite sign on the corresponding entrances of
microcircuit of multiplier. The change of result of
approximation advantageously compensated in the
scheme of adder, at once for all multipliers.

In the process of studies ACM was turned out, that the
parameters of analog model of separate neuron were taken
into account only in the process of studies. It means that a
necessity to create artificial neurons with exact selection of
parameters is not. Mainly, that parameters of neuron were
measured with high exactness. From a neuron require only
the independence of parameters from surrounding terms. It
gives large advantage by comparison to others schemes of
analog computing devices.

The software environment of NI Multisim was selected for
the modeling of work of separate blocks and whole ACM.

Results and discussions. Demonstration of
possibilities of the created analog machine for modeling of
Rumelhart’s perceptron was performed by approximating
mathematical functions sin(x). For this purpose took the
schedule of the specified functions in a Taylor series:

X x> X

sin(x):x—§+ﬁ—ﬁ+

XY=

X2n+1

+(-1) (2n+1)0°

In an order to minimize the scheme of ACM, it is
needed to define the amount of members of Taylor series
that will provide necessary exactness of approximation.
This parameter is determined by means of relative error.

Comparative analysis of graphics of function of sin(x)
the obtained analytically and by means of Taylor series
(Fig. 3) showed that for providing of the set exactness of
approximation is enough to tear off a series on 4 elements.

sin(x), V

0 2,0

Fig. 3. Graphic of function of sin(x), got analytically and by
means of Taylor series

As a result a polynomial for approximation will have a kind:

: x* x* X

sin(x)=x-"+"-=-.

3t 51 7
Graphics of function of sin(x), that obtained analytically
and by means of created ACM is brought around to Fig. 4.
The analysis of the obtained results shows that the error of
approximation of function of sin(x) is 0.07% that satisfies

the task in this work.

sin(x), V

1,0

0,5

0_

0,5

1,0

2,0

x,V

Fig. 4. Graphic of function of sin(x), got analytically
and by means of created ACM

Conclusions. 1. ACM for modeling of neural network
can be successfully used for a decision the tasks of
approximation of continuous functions. There are no
theoretical limits on complication of task that an artificial
neural network can execute.

2. By comparison to the ordinary methods of
approximation of ACM for modeling of neural network have
a row of advantages:

= it is universality: they consist of identical elements,
united by a simple law(every neuron of previous layer with
each following);
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= it is an universal algorithm of studies, that does not
depend on the type of function that is approximated,
amount of arguments and results of function;

= they consist with the adders collected on analog an
component, that is increasing a fast-acting and exactness
of implementation of operations;

= they give the wide field for the choice of parameters
component (neurons).

3. ACM for modeling of neural network can be easily
created on a modern element base.
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kadp. papioTexHiku Ta pagioeneKTPOHHUX cUcTeM, hakynbTeT pagiodi3uku, eneKkTPOHikM Ta KOMI’ OTEPHUX CUCTEM,

KuiBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LlleByeHka

AHAJIOIOBA OBYMCJTIOBAJIbHA MALLUUHA (AOM) ANA MOAEHI'OBAHHSIUHEVIPOHHVIX MEPEXX
(3AAAYI ANPOKCMMALII MATEMATUYHUX ®YHKLIN)

3a dornomoeoro cepedosuwa modentosaHHs NI Multisim peanizogaHo | OocridxxeHO aHaro208y 064YUCO8aNbHY MaluHy, WO MOOEoe MepuenmpoH
Pymernbxapma, wo Ha menepiwHiti Yac € Haubinbw docnioxeHum. 3a dortomozoro ompumarHoi AOM byrio anpokcumosaHo MamemamuyHy yHKUio sin(x). AHaria
pe3yrnbmamie anpokcumayji okasas, wo peanizoeaHa AOM 3a008oribHsAE nocmasreHiti 3adadi i 8idrnosidae 8cmaHoBIIEeHIt MOYHOCMI MOOEto8aHHS (hYHKUIT.

Knro4osi cnoea: HelipoHHa Mepexa, nepuernmpoH Pymernbxapma, anpokcumauisi QoyHKUI, aHaroeosa obyucsoganbHa MaliuHa.

AHppyceHko B., ctya., Bex W., kaHa. ¢pus.-maT. Hayk, Aou., Hosak C., cTyA.

Kacb. PaANOTEXHUKU U PAaAUOINIEKTPOHHBIX CUCTEM, cbaKyaneT pa,CI,VIOCbVIGMKVI, ANEeKTPOHMKU Ta KOMMNbIOTEPHbLIX CUCTEM,

KueBckuit HauMOHanNbLHbIN yHMBepcuTeT UMeHU Tapaca LLleB4yeHko

AHAJIOIOBAA BbIYUCNTUTENbHAA MALLUUHA (ABM) ANA MO,ﬂEHVIPOBAHVIFIVHEVIPOHHbIX CETEWN
(SAOAYUN ANNPOKCUMALIMN MATEMATUYECKUNX ®YHKLIUN)

C nomowto cpedbi ModenuposaHusi NI Multisim peanu3osaHo u uccriedo8aHO aHaro2o8yto 8bIHUCAUMENBbHYIO MalUUHY, MOOEUPYIOWYIO NepCenmpoH
Pymenbxapma, Komopslil, 8 Hacmosiee epemsi, sernsemcsi Hauboree uccnedosaHHbIM. C nomMowibto rnosyyeHHol ABM 6bina annpokcumuposaHa MamemMamudeckas
yHKuus1 sin(x). AHanu3 pesyrnibmamoe arnnpoKcuMayuu rokasan, 4ymo peanu3osaHHas ABM ydoernemeopsiem rocmaeneHHol 3adade u coomeemcmeyem

yCmaHOSﬂeHHOU moy4yHocmu ModenuposaHuUsi d)yHKL{UU.

Knrodesble croea: HelipoHHasi cemb, repcenmpoH Pymernbxapma, annpokcumauusi QhyHKUUU, aHarnoeoeas 8blHuciiumersHas MawuHa.
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TEMPERATURE MEASUREMENT IN MICROWAVE-IRRADIATED SYSTEMS
USING A TEMPERATURE-DEPENDENT FLUORESCENT DYE

Temperature sensitivity of the fluorescence intensity of the organic dyes solutions used for non-contact measurement of the
electromagnetic millimeter wave absorption in water. By using two different dyes with opposite temperature effects, it was defined local
temperature increase in the capillary that is placed inside a rectangular waveguide in which millimeter waves propagate. The application of
this non-contact temperature sensing is a simple and novel method to detect temperature change in small biological objects.

Keywords: :millimeter waves, non-contact temperature sensing, fluorescence, organic dyes, water, biomedical applications

Introduction Biological effects of electromagnetic
millimeter waves were observed in many experiments on
various biological objects, starting from the bacteria to the
whole human body as well as model systems in general
[1]. Repeatedly noted that the nature of the microwaves on
biological objects is different from the conventional thermal
effect of electromagnetic waves of the other bands, and the
physical nature of this phenomenon is still unclear.

One of the main problems, which complicates the
construction of an adequate physical model, is the
uncertainty of "non-thermal effect" definition, and the fact
that in different experiments the power of millimeter waves,
which have biological effects, differ by orders of magnitude
[1]. For a correct measurement of absorbed radiation
power and detecting possible heating as a result of

irradiation, it is necessary to use special sensors, which
can react to the absorption of millimeter waves in systems,
close by their parameters to biological tissues.

It is considered that the use of low power (with output
power up to 20 MW) millimeter waves generators does
not result to significant heating of the irradiated matter.
Calculations [4] provide an increase of temperature to
1°C for different patterns of exposure, which should not
cause essential biological effects. However, direct
measurement of the temperature change in the area of
irradiation is a challenging technical problem. High-
sensitivity  temperature sensors (thermocouples,
thermistors, etc.) making perturbations in the investigated
samples, affect the local temperature and heat transfer
characteristics in a given place. Although less accurate,

© Babich D., Kuzkova N., Popenko O., Yakunov A., 2014
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optical methods are more convenient for registration of
temperature changes in small volumes [3].

The water in the millimeter wave range is characterized
by a considerable absorption of electromagnetic waves. In
particular, at a frequency of 50 GHz, corresponding to
wavelengths in vacuum of 6 mm, the absorption coefficient
is equal to 51 mm-1 [4]. Accordingly, the spatial
temperature distribution in the irradiated samples
containing water is very inhomogeneous. Electromagnetic
millimeter waves heat the substances containing water in a
thin surface layer with high temperature gradient, the
numerical value of which can be estimated only by indirect
methods. Therefore, existing methods for irradiation of
biological objects are imperfect and metrological control
tools are not reliable.

To determine temperature changes in water caused by
the millimeter wave absorption we used an optical non-
contact method, which is based on the existence of the
fluorescence intensity dependence of temperature of
organic dyes. It was measured the local temperature rise in
the capillary, placed inside a rectangular waveguide, in
which millimeter waves propagate. We have chosen two
dyes with opposite temperature effects: Rhodamine 6G
(R6G) and Rhodamine C (RC).

Methodology and experimental measurements
Calibration of the fluorescence intensity of organic dyes
aqueous solutions on temperature were carried out by
means of diffraction spectrometer. Semiconductor laser
emission with 406 nm wavelength and 60 mW output power
was used as an excitation source. The samples were
prepared from standard distilled water for medical purpose.
The concentration of dyes (~ 0.4 g/liter) was chosen from the
condition of maximum temperature sensitivity and
temperature coefficients of approximate equality [3].

It was used a straight-through scheme for illumination
and viewing [2]. The glass cuvette (3 mm pass length) with
the dye solution was placed inside a large glass
rectangular cell with water, which served as a water bath.
Water temperature was maintained to within 0.2°.

The fluorescence spectra were measured at
temperatures from 20 °C to 40 °C, over each 5 °C (Fig.1).
The intensity of fluorescence was normalized by the initial
value, corresponded to the temperature of 20 °C (Fig.2).

1,0 - 35°C

08 | R6G c
?06 25°C
o c
o 0,4
® % |
(]
£0,2

0,0

500 550 600 650 500 550 600 650
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Fig.1. Fluorescence spectrum of Rhodamine 6G (R6G)
and Rhodamine C (RC) at 5 °C intervals from 20 to 35 °C

Established, that in most cases, the temperature rise is
making destructive contribution to the fluorescence yield
[3]. With the growth of temperature, increases the
frequency and energy of molecules collisions in solution as
well as the amplitude of internal molecular vibrations,
leading to an increase in non-radiative relaxation of the
excited levels, and thus fluorescence quenching. Along
with the temperature quenching of the dye solution are

possible mechanisms that increase the overall yield of
fluorescence with increasing temperature [3]. In particular,
some organic molecules in aqueous solution tend to form
associated complexes: dimers, trimers, etc., where
fluorescence quantum yield is much lower than in the
individual molecules. At sufficiently high concentrations, the
fluorescence spectrum is formed as a superposition of the
spectra of individual molecules and their associates. Some
associates divided into separate molecules with increasing
temperature that is accompanied by a relative increase in
fluorescence intensity.

1,4
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Fig.2. Temperature dependence of the relative fluorescence
intensity of R6G and RC

Fig. 2 shows that the fluorescence temperature
dependence of the RC solution corresponding to the first
scenario, R6G — to the second, and in the range 20 +40°C
intensities  approximated by a linear function:
I(T)/1(20°C)=a+bT, where b — temperature sensitivity
coefficient. For given concentrations of solutions this

parameter is equal b, =0.019°C™" and b, =-0.021°C™".

Incident Transmitted

wave 7 wave
,L ........................
, 1o
/1 /]

Fig.3. The measuring module is composed of laser (1),
prism (2), focusing lens (3), glass capillary with a dye solution (4),
waveguide (5), orange filter (6) and photo- detector (7)

Millimeter wave radiation from high frequency signal
generator through polarizing attenuator was applied to the
measuring module. Attenuator is included to prevent
reflected power from damaging the amplifier. The
measuring module (Fig. 3) consists of the segment of
rectangular waveguide with a cross section 7.2 x 3.4 mm,
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inside which through the middle was inserted a glass
capillary with an inner diameter of 0.5 mm. Focused laser
beam excites fluorescence in filled capillary of dye solution.

For capillary with water in a rectangular waveguide
area of maximum absorption of the electromagnetic
millimeter wave corresponding to antinodes of electrical
components and is concentrated in the central part of
Ax ~ 1 mm [2]. Fluorescence signal from the central section
was removed through a round hole made in the middle of
the narrow waveguide wall opposite the capillary. The light
stream focused by lens and passed through an orange
filter to a photo-detector.

By using a thermal detector, the incident and
transmitted radiation power was measured. The difference
was equal to the power, absorbed in the sample.
Previously in the range of 40-50 GHz was measured
frequency dependence of the capillary absorption of water.
At a frequency of 47.5 GHz it was observed a pronounced
resonance maximum, typical for rectangular waveguide
with dielectric cylinder of small diameter [2].

Further experiments were carried out at the frequency
of resonance. Power absorbed into the capillary with a
solution governed by polarization attenuator with
attenuation coefficients 0, 1, 2, 3, 4 dB, which
corresponded to an absolute absorbed power value of 20
mW, 15.8 mW, 12.5 mW, 10 mW, 7.9 mW respectively.

Duration of registration signal T = 40 s was chosen from
the condition significantly exceeded time of establishing of
thermal equilibrium: T >> 1. Constant of relaxation was
assessed by the expression 1~ (Ax)2/D, where D —
coefficient of thermal conductivity of water, and for a given
irradiation scheme was of the order of a few seconds.

Results and Analysis Fig. 4 shows the dynamics of
R6G and PC fluorescence dyes for switched on and off
microwave radiation with different capacities. The
absorption of microwaves leads to fluorescence increasing
for R6G solution and fluorescence quenching for RC. The
gradual decrease in fluorescence intensity caused by
photodestruction of organic dye molecules. By switching off
temporarily laser emission, the initial level of fluorescence
almost restored.

Power on
""""" = Power off

ittt

1000

Fluorescence intensity (a.u.)
o
®

e
2

Time (s)

Fig. 4. Dynamics of the change in fluorescence intensity
when millimeter wave radiation is turn on and turn off.
The voltage is switched off and the fluorescence returns to the
base line before a different voltage is applied to the microheater.
The two curves illustrate the repeatability of the fluorescence
to achieve the same level for a given temperature

The dependence of the relative change in fluorescence
intensity |/ —1,|// of the absorbed power in the capillary
obtained from the experimental data (Fig. 5). In the first
approximation it can be approximated by linear functions:

y =0.15-0.023x for R6G; y =0.14-0.024x for RC

Thus taking into account the calibration dependence
(Fig. 2), it corresponds to a local temperature increase in the
capillary absorbed at maximum power 20 mW:
AT, =(7.7£0.4)°C for R6G and AT, =(7.4+0.4)°C for RC.

It could be seen that even a low-power microwave
source, under certain conditions, cause significant heating
of the sample, which can lead to significant biological
effects. It should be noted that the special conditions of the
experiment (placing the sample inside the waveguide,
radiation at the resonant frequency) determine the
maximum possible temperature response.
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Fig. 5. Change of relative fluorescence intensity
of the relaxation factor of attenuator

In most biophysical experiments with millimeter wave
irradiation conditions of the samples, although not as
severe, but carried out in the near zone of the waveguide.
In the vicinity of the irradiated object there are standing
waves that form parasitic resonances. The appearance of
the local area temperature increase of a few degrees can
cause thermal biological effects at low levels of total
radiation power.

It is assumed [3,4] that with millimeter wave irradiation
of dyes solutions possible additional non-thermal effect of
millimeter waves on the spectral properties of solutions that
is due to the change in the structure of water. During
irradiation, pseudopolymer hydrogen bonding network
undergoes deformation, rearrangement, and perhaps
destruction. Restructuring of water under millimeter wave
field causes structural changes in the molecular associates
and promotes their decay.

In our study, we obtained the same value of the
effective temperature for solutions with different scenarios
of temperature behavior. This indicates on the absence of
non-thermal effect of millimeter waves on water, at least in
the conditions of sample irradiation inside the resonator at
the resonant frequency.

Moreover, to the same conclusion leads comparison of
dependency in Fig. 4. The equality of slope coefficients
approximating lines indicates on the fact that probable non-
thermal effect of millimeter waves on water under the given
conditions can be neglected.

Conclusions. Optical non-contact method, which is
based on the existence of the fluorescence intensity
temperature dependence of the organic dyes used to
determine changes in water temperature in the millimeter
wave absorption.

Using two dyes with opposite effects, it was measured
temperature heating an aqueous solution in the capillary,
placed inside a rectangular waveguide.
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Using even low-power sources of millimeter waves, the
local increase in temperature of the sample can be several
degrees. At the same time, the results indicate the absence
of non-thermal effect of millimeter waves on the water.

The application of non-contact temperature sensing
based on the temperature sensitivity of florescent dyes is a
simple and novel method to detect temperature change in
biological objects irradiated by millimeter waves.
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kacbeapa onTukm, isndHNn pakynbTeT
KuviBcbkuin HauioHanbHUI yHiBepcuTeT imeHi Tapaca LlleBueHka

BUMIPIOBAHHSI TEMMEPATYPU B CUTEMI ONPOMIHIOBAHIN ENEKTPOMAIHITHUMM XBUNISIMU
MINNIIMETPOBOIO AIANA30HY 3 BUKOPUCTAHHAM TEMNEPATYPO3AJIEXXHUX
®JIYOPECLULEHTHUX OPTAHIMHUX BAPBHUKIB

TemriepamypHy Yymiusicme ¢hriyopecueHyii po34yuHie opeaHiyHuX 6apeHUKie 8uKopucmaHo Orisi 6e3KOHMAaKMHO20 8UMIPHBAHHST MO2/TUHaHHS e/IeKMPOMazHIMHUX
Xxsurnb Minimempogoeo Oiara3oHy y 600i. 3a AorioMoeor 080X 6apeHUKIE 3 MPOMUNEXHUMU MmeMrepamypHUMU ehekmamu 8UHAYEHO JIOKarlbHe MiO8ULUEHHS

memriepamypu 8 Karinspi, PO3MilUeHOMy 8 cepeduHi MPSIMOKYMHO20 X8uegody.

3acmocysaHHs1 6e3KOHMaKmMHO20 memMnepamypHO20 0amyuka € HO8UM, MPOCMUM MemoOdOM 8U3HAYEHHS 3MiHU memnepamypu masnux bionoaidHux o6’ekmis.
Knroyoei crioea: minivmemposi xguri, 6e3koHmMakmHe euMiprogaHHs1 memriepamypu, ¢hriyopecueHuisi, op2aHidHi 6apeHuku, eoda, biomeOuyHe 3acmocy8aHHsl.

Ba6wuu [., ctya., KysbkoBa H., acn., MoneHko A., cTyA., AkyHOB A., kKaHA. (p13.-maT. HayK,

kacheapa onTuku, hmnsunveckun cakynbtet
KvneBckuin HauMoHanbHbIW YyHUBepcUTeT UMeHn Tapaca LLleB4yeHko

W3MEPEHUA TEMMNEPATYPbl B CUCTEME OBJIYYAEMOA 9/IEKTPOMArHUTHbIMWU BOTHAMMU
MW/IJIMMETPOBOIO AANAMNA30HA C UCMNOJIb3OBAHMEM TEMINEPATYPO3ABMCUMbIX
®JTYOPECLUEHTHbBIX OPTAHNYECKUX KPACUTEJIEN

TemnepamypHasi 4yscmeumeribHOCMb ghiTyopecueHyuUU pacmeopos opaaHu4ecKux kpacumerell ucrionb3osaHa 0r1si 6eCKOHMaKMHO20 U3MEpPEeHUsT Mo21oueHus
37IeKMPOMacHUMHbIX 80/IH MUMIUMemMpogo2o duarasoHa e eode. C romowbio 08yX Kpacumesell ¢ MpomuSOnoOXHbIMU MmemepamypHbIMU  3ghghekmamu
orpederieHo floKabHOe MosbIeHUe memrepamypbl 8 Kanusspe, PasmeueHHoM 8HympuU rpsiMoy20/1bHO20 80THOB00A.

lMpumeHeHue 6eCKOHMaKMHO20 MmemMrepamypHo20 Gam4uKka S8NSemcs HOB8bIM, MPOCMbIM MemodoM OrpedenieHuUs1 U3MEHeHUsT memrnepamypbl MarbiX

buoroau4eckux o6beKmos.

Knroyesble cnoea: munnumempossie 80/Hbl, OECKOHMaKmMHoe U3MepeHue memrepamypbl, hryopecueHyus, opaaHudyeckue Kpacumenu, 800a,

buomeduUUHCKOe rpuMeHeHuUe
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RADIATION SAFETY ASPECTS DURING 11-MEV MEDICAL CYCLOTRON OPERATION
AND MAINTENANCE

The paper brings up the question of radiation safety aspects dealing with exploitation of cyclotron Eclipse RD (Siemens), that is used
for positron-emission tomography with fluorodeoxyglucose ("*F-FDG). The main sources of radiation exposure and the efficiency of a
cyclotron shielding were analyzed. The dose rates were measured from the activated details and wastes and the effective dose to
personnel, performing operation and technical support of a cyclotron was estimated with the help of electronic personnel dosimeters EPD

Mk2+ and thermoluminiscence dosimeters TLD Harshaw 100.
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Introduction. Positron-emission tomography (PET)
plays a crucial role in cancer diagnostics and can give
information about the Ilocation of neoplasm and
metastases, the intensity of metabolism and allows to
estimate the efficiency of performed treatment [4]. PET
requires radioactive tracers, and in this connection the
low energy cyclotrons (up to 20 MeV) have found
widespread applications in nuclear medicine for tracer
production technologies 12]. The most commonly used
PET radioisotopes ( 'c, BN, "0, 18F) can be produced
through the proton induced reactions, such as (p,n) and
(p,a). It is obvious, that the usage of cyclotrons leads to

radiation exposure, caused by prompt radiation, produced
tracer and induced activity. Moreover, in most cases
cyclotron maintenance requires handling of radioactive
components and wastes. Therefore special attention
should be paid to the radiation safety aspects, providing
additional shielding and dose control for personnel, who
perform cyclotron operation and technical support.
Besides, the analysis of the dose values enables to make
a conclusion about the achieved radiation safety
conditions and implementation of new safe measures,
directed at a minimization of radiation exposure to
personnel according to the ALARA principle.
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F-18 production. PET-Cyclotrons produce different
isotopes through the proton induced reactions, shown in
table 1. For the different isotopes different types of
targets are used (gas and liquid), and they have special
properties, that ensures effective tracer yield in a harsh
irradiation conditions.

Table 1
PET tracers, produced by medical cyclotrons
Product | Target Type Half-life, min Reaction
F Liquid 110 0(p,n)"F
c Gas 20 “N(p,a)"'C
N Liquid 10 0(p,a)"N
™0 Gas 2 ™N(p,n)””0

In All-Ukrainian center for radiosurgery of the Clinical
Hospital "Feofaniya" the fluorodeoxyglucose (FDG)
production technology was successfully implemented using
self-shielded Siemens cyclotron Eclipse RD [1]. The self-
shielding consists of concrete, borated polyethylene and
lead, ensuring good radiation protection from neutrons and
gf;samma rays. For 8¢ production the enriched water with

O 98% enrichment and 1.2 ml volume is loaded to a
target and due to '®0O(p,n)'®F nuclear reaction isotope "°F is
produced. For this production technology the liquid target is
used, shown in fig.1a. It consists of silver target body,
collimator and target window, made of Havar alloy [5],
which is pressure and temperature resistant (melting point
for Havar is 1753 K). During bombardment the target body
and Havar window are cooled by water and helium
systems respectively (fig. 1b. demonstrates target working
conditions during irradiation). The beam extraction is
performed through the 25 pym aluminum vacuum window,
behind which a target is installed.

Target Body

Vacuum
Havar window
Carousel \
W ater coolin " I'Beam

Target Body Spacer Helium
(Collimator) Cooling

Space
Collimat:

Fig. 1. "0 liquid target:
a) construction b) irradiation conditions

The tracer yield decreases with time, which is caused
by target deterioration during irradiation. Therefore the
target and its components must be cleaned and replaced
periodically. Fig.2 demonstrates the ®F tracer yield
depending on a target usage. These data were obtained
after 150 production runs without target rinse, and it should
be note that with assumption of 4 working days/week and
1 hour/day production, the target lifetime of 1950 pAh will
be reached after 3 months.

Radiation exposure and dose rate measurements.
Cyclotron exploitation is accompanied by several sources
of radiation, that cause additional exposure to personnel:
prompt gamma rays and neutrons, produced tracer and
induced activity of a cyclotron components. The prompt
radiation exists only during irradiation and the greater part
of it is absorbed by the cyclotron self-shielding. The dose
rate on shielding surface during irradiation is 15 uSv/h for
neutrons and 75 ySv/h for gamma rays respectively. The
working place is located in the control room, where dose
rate does not exceed 0.3 uSv/h.

A, GB
80 1 q New target assembly

ee=""1300 2A-h

(2 month)
1950 ?A-h
(3 month)

0 20 40 60 80 100 120
t, min

Fig. 2. Tracer yield dependence on a target usage

Table 2
Dose rates from vacuum window,
target and its components
. Dose rate
Usage, Time after last
Element mklgh bombardment, hours at0.1m
mSv/h
Target body 5210 60 0.14
Collimator 5210 60 0.05
(spacer)
Havar foil 1950 60 5.42
Vacuum 3540 60 2.52
window

After bombardment and tracer delivery to the lab, the
relicts of produced tracer and induced activity become as
the main sources of radiation. The shielding fully absorbs
this radiation, but when the shield is open the dose rate
near the target module can be very high (>15 mSv/h), and
hence for technical maintenance it is necessary to wait at
least for a one day for short-lived radionuclide decay.

The dose rates from different target components,
measured after 60 hours from last bombardment are shown
in table 2. The highest dose rate was measued from Havar
window (about 5 mSv/h). Apart from the Havar foil long-
lived isotopes are also induced in other target components
and vacuum window, where dose rate can be up to
2.5mSv/h. The technical maintenance of a cyclotron is
performed by engineer-physicist and taking into account
these dose rates, the effective dose to engineer is mostly
caused by the actions, to be done in a close proximity to the
target module (these works include target replacement,
extractor replacement, ion source maintenance, vacuum
window replacement and other). Regardless of type of
work, almost all of them include 3 steps, mixed with
exposure: there are demounting and installation,
transportation and handling of radioactive parts of a
cyclotron. Each of these steps must be executed using
different types of shielding, such as lead screen, lead
containers and fume hood with lead shielding and leadglass
window for wastes handling. Activated details handling must
be done very carefully using tweezers and after usage they
should be enclosed in a special storage for farther decay.

Effective doses and data analysis. The yearly
effective dose to engineer depends on the number of
works, that should be done during a year. Since the
irradiated target is the most activated detail, its
maintenance forms the bigger part of dose. The average
target lifetime appeared to be 1950 yAh (3months), so
there are minimum 4 target replacement actions per year,
excluding periodic target leakages and blowing of vacuum
window. Table 3 shows the type and number of technical
works, that were done in 2013 and corresponding effective
doses to engineer, measured with the help of EPD MK2+
and TLD Harshaw 100 dosimeters. There were 6 target
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rebuilds, 1 extractor and cathodes replacement and 2
vacuum window replacements.

Table 3

Doses to engineer-physicist for different types
of actions (10.01.13-26.12.13; 150 productions)

Dose/action, uSv and Effective dose
T number of actions ]
ype of work (EPD MKk2+ mSvlyear (TLD
measurements)
measurements)
Target rebuild 0.152 (6) -
Extractor 0.075 (1) -
replacement
Cathodes of ion 0.063 (1) -
source replacement
Vacuum window 0.078 (2) -
replacement
SUM 1.206 1.06 | 0.85"

For the works, presented in table 3, the sum effective
dose for EPD measurements is 1.206 mSv/year, and
almost 80% of it goes from the target rebuild actions. For
TLD measurements dose value is slightly lower: our results
give 1.06 mSyv, and in the Department of Nuclear Medicine
of All india institute of medical Sciences, where the same
cyclotron with the same parameters is used, the effective
dose to engineer is 0.85 mSv/year [3]. Summarizing these
data it is clear that all doses are considerably lower than
dose limits, adopted by International Commission of
Radiological Protection (ICRP) [6] and the average dose is
about 1 mSv/year, which is comparable with the average
background dose per year.

Conclusions. The radiation safety aspects during
cyclotron exploitation were considered and the main
sources of radiation exposure were analyzed. The dose
rate measurements were performed and the effective dose

BoHnpap B., iHxeHep-papiodi3uk, kniHivyHa nikapHa "®eodaHia";

to engineer, occupied with tracer production and technical
maintenance was determined using EPD Mk2+ and TLD
Harshaw 100 dosimeters.

One of the ways to get higher radiation doses is the
increment of production runs, which leads to faster target
degradation and therefore to bigger number of works.
Since April, 2014, Hospital has started tracer productions
not only for own, but also for external needs, and now
production intensity increased twice. In these conditions
the effective dose is expected to be 2.4 mSv/year, and
even in this case the effective dose is sufficiently low and
does not exceed 15% of dose limits, adopted by ICRP. So,
it can be concluded, that providing good shielding and
organization of work, the usage of low energy cyclotrons
can be absolutely safe and secure.
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kadp. apepHoi cisnku, diznuHnn dakynbteT, KMiBcbkuin HauioHanbHUNA yHiBepcuTeT imeHi Tapaca LLeB4YeHka

MixHuubKkui 1., inxeHep-paaiodisuk,
KmeTiok ., kepiBHUK BeceykpaiHCcbKoro LeHTpy pagioxipyprii
Kniniyna nikapHs "®eodaHia"

PAAIALIAHA BE3MEKA NPU POBOTI
TA TEXHIYHOMY OBCJ1YITOBYBAHHI 11-MEB MEANYHOIO LIUKJTIOTPOHY

B pobomi sucsimntorombcs OCHO8HI numaHHs1 padiauitiHoi 6e3nexku rpu ekcrinyamauii yukiompoHy Eclipse RD (Siemens), wo eukopucmosyembcsi Orisi
103UMpPOHHO-eMiciliHOT momozpadii 3 pmopde3okcuesntokosoto (OAr). MpoaHanizaogaHo OCHOBHI OXepesia ioHI3y04020 8UMPOMIHIOBaHHST Ma eGheKmUBHICMb 8/1aCHO20
3axucmy yukiiompoHy. lNposedeHi sumiptosaHHs1 momysHocmeti 003 8i0 akmugosaHux demareli ma padioakmugsHux 8i0xo0di8, OUiHEHO egheKmueHi 003U nepcoHary 3
BUKOPUCMAHHSIM eNIEKMPOHHUX iHOUBIOyanbHUXx do3umempie EPD Mk2+ ma mepmorntomiHecueHmHux do3umempie Harshaw 100.

Knro4voei cnoea: no3umpoHHo-emiciliHa momozpachisi, (omopde30KcuasitoKo3a, YUKIIompoH, padiauitiHa 6eaneka, eghekmuesHa do3a.

BoHpap B., uHxxeHep-paanodusnk, KnuHuyeckas 6onbHuua "®PeodaHun";

kadh. apepHon unsmnku, husnyeckun pakynoTteT, KueBckuint HauMoHanbHbIM YHUBEpCTMTET UMeHn Tapaca LLleBYeHko

MuxHuukui W., nHxeHep-paamodusmk,
KmeTiok A., pykoBoauTenb BceykpanHCKoOro LieHTpa pagnoxmpyprum,
KnuHuyeckas 6onbHuua "®eodanua”

PAONALIMOHHASA BE3OMACHOCTb NPU PABOTE
N TEXHUYECKOM OBC/TY>KUBAHWUU 11-MEB MEANLIMHCKOIO LUMKJIOTPOHA

B pabome npusedeHbl 8orpockl paduayuoHHol be3ornacHocmu npu aKcrinyamauyuu yukriompoHa Eclipse RD (Siemens), komopblili ucrions3yemcsi 0n1si
03UMPOHHO-3MUCUOHHOU momoepachbuu ¢ gpmopde3okcuesntokosol (@Ar). lNpoaHanu3uposaHbl OCHOBHbIE UCIMOYHUKU U3ITyYeHUs U 3¢hgheKmuHOCmb cobcmeeHHoU
3awumsl yuknompoHa. [NposedeHbl u3MepeHUst MowHocmel 903 om akmusuposaHHbIX Oemarell U paduoakmueHbIX OmMXo008, a mak xe cleflaHa OUeHKa
aghghekmueHbIx O03 MepcoHarna C UCrob308aHUEM 31EKMPOHHbIX UHOUBUOYarbHbIX do3umempos EPD Mk2+ u mepmoriomuHecyeHmHbix do3umempos Harshaw 100.

Knrodeeble crioea: no3umpoHHO-3MUCUOHHasi moMozgpachusi, omopOe30KCUIToK03a, LUKITOMPOH, paduayuoHHasi 6e3ornacHocme, aghghbekmuegHasi 0o3a.
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REMOVAL EMG AND EOG ARTIFACTS FROM EEG SIGNAL

One of the main problems in electroencephalography analysis is artifacts: electromyogram (EMG) and electro - oculogram (EOG).
Considered removal methods are based on blind source separation techniques (BSS) with the Second Order Blind Identification (SOBI).
We applied the modified SOBI algorithm with asymptotically optimal weights (WASOBI).

Keywords: electroencephalogram, electromyogram, electro — oculogram, blind source separation techniques.

Introduction. Electroencephalography (EEG) is a
common method of research of the brain [7]. EEG non-
invasive and safe method of direct mapping of functional
activity of the central nervous system that allows us to
monitor those signals in real time. EEG is based on getting
the bioelectric potentials from the surface of the scalp. We
get signals due to the electrical interaction of a large number
of neurons (which include action potentials, the electrical
synaptic transmission of information and other). So we can
say that the signal at each electrode is based on the
summation of elementary processes, actually occurring at
the level of individual neurons. Electroencephalograph used
in clinical practice for the detection of various pathologies
and malfunction of the brain function, and it is save method
for learning about brain functionality. If we could create the
database with data, which would contain a large number of
electroencephalographic researches, so in the future it would
allowed to us analyzing various pathologies for a large data
set and picking up some statistics to create a classifier.

However electroencephalogram is very sensitive to
different artifacts. Among them the most distorted the real
data are: motor artifacts (also called miogramm (EMG) [2],
that caused by muscle reduction) and oculogramm artifacts
(EOG) arising from motion of eyes and blinking. The
systematic approach of recognition, source identification
and elimination of artifact is an important process to reduce
the chance of misinterpretation of the EEG and limit the
potential for adverse clinical consequences.

Therefore, without the prior automatic processing data
and removal of artifacts does not make sense to do some
analysis, because, the signal will be distorted by EOG and
EMG artifacts. That is why in this work we focus on solving
the problem of the artifacts removal.

When we talk about EEG data taken from specific
electrodes, we must consider that this signal is weighted
linear mixture of underlying cortical source signal [1, 4]. The
weights of each recorded mixture are determined by the
distance of cortical sources domains from the electrodes
pair, the electrical properties of underlined tissues etc. The
method of Blind Source Separation (BSS) [5] allows
separate a set of sources from a set of mixed signals without
the aid of information about signals or mixing process. BSS
technique is able to separate EEG signal into spatial
components and then identify the artifacts components by
using the proper criterion. After that we can remove artifact
components and reconstruct the signal free of artifacts. BSS
relies on the assumption that the signals are not correlated
and statistically independent from each other. The main idea
of the method can be represented as follow [5, p. 164]:
g(t)= As(t)+n(t) .The data from i electrode g,(f) can be
obtained by mixing a large number of independent sources

s;(t), where mixing can be expressed in [nxm] matrix A
called the mixing matrix, here n - number of electrodes,
m - number of sources (the assumption n=m ) and n(t) -

white noise. Thus can find signals solving the inverse
problem of finding unmixing  matrix[mxn]-W :

s(t)=Wg(t). For these purposes, we used algorithm SOBI

[9] and reformulating the problem as a weighted least -
squares (WLS) problem [10]. Thus, we achieve two main
goals: minimizing the mean square error (MSE) of the
estimated matrix A; second, rather than estimate A from
M vectors we estimate A from a small number of estimated
correlation matrices. The true correlation matrices have the

structure [9] R, [t]= ARS[t]A" V1 where due to the spatial
independence of the sources, their correlation matrices
R[] = diag[» ", 1. ?)...] are diagonal matrices.

After obtained matrix A we can identify columns of A
corresponding to EOG and EMG sources by using the
criteria that marks as artifacts the components with smaller
fractal dimension [6]. Conceptually, components with low
fractal dimensions are those who are composed of few low-
frequency components. This is often the case of ocular
activity and therefore this is a suitable criterion for detecting
ocular (EOG) components.

Now that we have defined a set of independent signals
s(t) we can remove by equate to null some of the weight

coefficients mixing matrix. We talk about the weights
because on different electrodes these independent signals
will be represented in different ways.

But for remove signals that corresponding to the artifacts,
we need to have some criteria [3]. So going directly to the
removal of artifacts we can define a general algorithm:

1. Background EEG decomposed into a set of spatial
components.

2. Provision artifact components using the appropriate
automatic criteria.

3. EEG reconstructed, but without the selected artifacts.
We can write the obtained from j-electrode signal:
x.(t)= ¥ ajisi(t)+,erz ajisi(t) X(t)= A5 + A

_I EEG ™ EEG EOG ~ EOG
icrepg EEG

where XEEG(t) = AEEGSEEG and XEOG(t) = AEEGSEOG .

Experimental. In our case we had a real EEG signal
that was collected from 21 scalp electrodes placed
according to the international 10-20 System at the
Department of Medical Radiophysics (Faculty of
Radiophysics, Electronics and Computer Systems).

EEG records the potential between two electrodes.
Electrodes are placed on the skin of head, so that the
multi-channel system covers all major parts of the brain.

Two types of EEG montages are used: monopolar and
bipolar [8]. The monopolar montage is when the "input 1"
amplifier is supplied from the electrode potential, which
stands on the brain, and to "input 2" — from the electrode
which is removed from the brain.

Electrode located above the brain, often called active
electrode. The removed from the brain tissue electrode,
called the reference: As the reference electrode often used
electrodes that placed on the left (A1) or right (A2) earlobe.
The active electrode is connected to "input 1", the
reference electrode connected to the "input 2".

© Gaidar V., Radchenko S., Sudakov O., 2014
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Since EEG recorded the potential between two
electrodes, the position of a point on the curve will display
changes under each of the pair of electrodes.

Electrode location under active electrode generates an
alternating of brain potential. In reference electrode located
far from the brain, there is a constant potential that does
not affect on the record. However, the region of the head
between the active and reference electrodes forming part
of an electrical circuit "power object".

If the "input 1" and "input 2" electrodes both are active
we talk about bipolar montage. In this case EEG recording
monitor equally changes in potentials under each of the
pair of electrodes, and recorded curve a potential
difference reflects each electrode.

In our case we use the bipolar montage and
experimental conditions provided the opportunity for
display EOG and EMG signals on the obtained data
(Fig. 1).

Movement during the recording of an EEG may product
artifact through both the electrical fields generated by
muscle and through a movement effects on the electrode
contacts and their leads. It is the most common and
significant source of noise in EEG. EMG activity almost
always obscures the concurrent EEG because of its higher
amplitude and frequency.

In our case we can see the EMG artifact in the right
circle and the EOG in the top circle. With bipolar
montage, positive and negative phase reversals of EOG
are seen at the frontal electrodes, because they placed
near the eyes. Observe that original EEG frame contains
few blinks and well defined EMG signal (designated in
the right and left circles respectively). As we can see the
WASOBI algorithm using with fractal dimension criteria
gives desirable result of remove EOG and EMG data
from EEG data and wherein applied method do not
distort real EEG signal.

Fig. 1 Original EEG (the top frame)
and corrected frames respectively

In order to make sure that, after using this method of
artifacts remove, our data, that did not consist artifacts has
not changed significantly we used Kolmogorov — Smirnov
test. We have chosen the range between 104.5-107.5
seconds, which doesn’t consist the artifacts before we
using the WASOBI method (Fig. 2).

Ueec , WV
200
0
___ Signal before processing method
-200 | — Signal after processing method
105.0 105.5 106.0 106.5 107.0
. Time, s

Fig. 2. EEG signal before (blue) and after EMG removal (red)

As the result, the function of the probability that a signal
obtained specific amplitude range was built (Fig. 3).

0.9
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Fig. 3. Cumulative distribution function

Obtained value of the parameter p: p=0.18 enables

us to say that the method can be used for processing EEG
data. The suggested algorithm of remove artifacts of
oculogram and miogram provides low distortion of signal
that does not contained artifacts, which was confirmed by
the Kolmogorov-Smirnov test. Thus, in further it provides
an opportunity to create expert systems for classification
and analysis of EEG signals.
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kacdheapa MmeanyHoi pagiodisnkn, hakynbTeT pagiodisamkm, eneKTPOoHiKM Ta KOMN’ IOTEPHUX CUCTEM

KuiBcbkuin HauioHanbHWIA yHiBepcuTeT imeHi Tapaca LLleBueHka

BUOANNEHHA APTE®AKTIB EJIEKTPOOKYJIOITPAMU TA EJIEKTPOMIOIPAMU 3 EEI' CUTHANTY

OOHieto 3 ocHogHUX npobrieM npu aHanisi enekmpoeHyeghanozpam € apmegakmu: ernekmpomioepamu (EMF) i enekmpookynoepamu (EOI). Bynu po3ansHymi
MemoOu 8udarneHHs ocHoeaHi Ha MemoOi crinoeo po3dineHHs Axepen (BSS) i3 sukopucmaHHsiM cmamucmuku Opyeoeo ropsioky (SOBI). Mu 3acmocysanu
moducgpikosaruli anzopumm SOBI 3 nid6opom acumnmomuyHO onmumarbHUX a2osux KoegbiuieHmie (WASOBI).

Knroyoei crioea: ernekmpoeHuedgharnozpama, eriekmpomioepama, efeKmpooKynospama, Memod crino2o po30ineHHsi KOMMOHeHM.

Fanpap B. O., Paguyexko C. ., Cyaakos O. O.

Kadpeapa MeAULIMHCKON paanodunanku, hakynbTeT pagnmodu3nKm, INEKTPOHUKN U KOMMLIOTEPHBLIX CUCTEM,

KvneBckui HauMoHanbHbIW YyHUBepcUTeT UMeHn Tapaca LLleBYyeHko

BbIAEJIEHVE APTE®AKTOB 3JIEKTPOOKYJIOTPAMMbI N JIEKTPOMUOINPAMMBI C 33I' CUTHAJIA

Inaeroll npobriemoli npu aHanu3e 3ekmposHyeghanospamMm ecmb apmeghakmbl, KOmMopble CurbHO uckaxatom O3 cueHan. Hauborbuioe nposensomscs:
apmegbakmbi anekmpomuoepammbl (AMI) u anekmpookynogpammbl (OKT). Bbinu paccmompeHbl Memodbl 8bi0enieHUs1 U QarnbHelweao usbsimusi 3mux cugHamnos ¢
8bIXOOHbIX 3r1eKMpo3HUeghanoepamm. Hamu 6binn npumeHeH Memod "crierozo pasoderneHusi KomrnoHeHm" (BSS) ¢ ucrnornb3o8aHueM cmamucmuku 8mopoeo rnopsioka.
Mb1 npumerunu modughuyuposarHbiti Memod SOBI ¢ nodbopom acumnmomuyeckux koaghguuyueHmos (WASOBI).

Knroyesbie criosa: anekmposHueghanospamma, r1eKmpomuoepamMmma, 71eKmpooKyiogpamma, Memoo criernozo pa3desieHust.
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ENVIROMENTAL IMPACT ASSESSMENT OF OPERATION
OF POSITRON EMISSION TOMOGRAPHY CENTER

Impact assessment for centre of positron emission tomography has been carried out. It has been shown that risks, that arise due to the
radiation impact factor, are acceptable. The adequacy of protective measures to ensure radiation safety of personnel, population and

environment is analysed.

Keywords: fluorodeoxyglucose, medical cyclotron, radionuclides, source term, radioactive waste.

Introduction. The oncology illnesses are placed
second in the mortality structure of the population after the
heart-vessel system. The early diagnose is the very
important moment in treatment of these illnesses what is
explained the importance of creation of modern centre nets
in the Ukraine for the positron-emission tomography (PET).

Today radiopharmaceuticals (RPhP), which include
short-half-life radionuclides "' C, ®* N, ** 0, "®F, are generally
recognized. The short period of life of these radionuclides
demands location of cyclotron (for theirs production) and
laboratories of radiopharmaceutical synthesis (RPhP) in
close proximity to diagnostics centers, which often are
located in dense population districts of the large towns. This
requires the careful approaches to create reliable systems of
engineering barriers to prevent unreasonable release of
radioactive substances to the environment and to protect
from irradiation personnel and population.

The modern center for early diagnostic of cancer by
positron emission tomography (PET-center) will be built in
Donetsk, where for manufacturing of fluorodeoxyglucose
(FDH), based on short-lived radionuclides 18F, the medical
cyclotron MINITrace of GE Medical systems company is used.

Production is based on the irradiation of the target (with
water, enriched by isotope 18O) by protons, accelerated to
the energy of 9.6 MeV. The produced radionuclide 8
further is used for the synthesis of FDH radio-
pharmaceutical, its dosage and transfer to the block of
radio diagnostic department of PET-center.

PET center has several blocks, first is the cyclotron
unit, block of radiopharmaceutical synthesis and block of
radio diagnostic studies.

The block of cyclotron unit includes: cyclotron tank,
utility room of cyclotron, the cyclotron control room,
sanitary gateway in the output of the cyclotron block.

The block of radiopharmaceutical synthesis includes:
laboratory of synthesis, clean changing rooms; laboratory

of quality, passageway to transmit radiopharmaceutical to
the diagnostic department of PET-center, sanitary gateway
at the output of the block.

Also available support facilities, technical service corridor
for the hot cells of laboratory of synthesis and interim storage
of radioactive waste, emergency shower at the exit from the
technical corridor to the corridor; space for calculations,
documentation and personnel office room, and others.

Block of radio diagnostic studies is on the 2-nd floor
and provides the facilities for receiving and preparation of
radiopharmaceuticals based on °F, procedural for
introduction of radiopharmaceuticals to patients; waiting
rooms for patients after introduction of
radiopharmaceuticals with a bathroom connected with the
system of special sewage as well as procedural and
console of PET/KT system.

During the operating the PET Center main factor of
negative impact on the environment is the radiation one,
namely:

= pollution of the surface layer of air in the surrounding
PET-center territory by radioactive airborne emissions;

= formation and accumulation of solid radioactive
waste (RW);

= formation of radioactive liquid radioactive waste
(radioactive runoff).

In normal mode, the PET-center radioactive substances
will be localized by system of protective barriers (containers,
protective screens, elements of process equipment) that
prevent their direct contact with the environment.

For this purpose we have developed the system of
stationary biological barriers and appropriate calculations
have been made. In this calculations as base was selected
the request of non-exceeding of acceptable levels of
design dose, which provide non-exceeding of the
established limits of effective dose of irradiation for different
categories of people: the staff category A and B, and
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~ 22 ~

B 1 C H U K KuiBcbkoro HauioHanbHoro yHisepcurety imeHi Tapaca LlleBueHka

ISSN 1728-2306

population [1]. Also in accordance with the requirements of
paragraph 9.1.4 OSPU 2005 [2], biological shielding
calculations were carried out with taking into account the
safety factor equal to 2.

Emission of radioactive substances and the impact of
PET-center on the environment and population on
surrounding territory are possible due to emissions and
discharges.

To reduce the environmental impacts during the
operation of the PET center a number of special measures
has been implemented.

Measures to protect air quality.

= Radioactive substances in gaseous state are
collected in the vicinity of the cyclotron target node and
time delay are proved to prevent their immediate release in
to ventilation system in the case of possible leakage from
the target;

= Cleaning from dust of air that is fed into the hopper
of the cyclotron, with the aim to reduce the generation of
radioactive aerosols in the room;

= Guarantee the maximum possible sealing of open
radiation sources during operation, transport and storage
operations;

= Carrying out work with radioactive substances of
open type in the boxes, laboratory modules, and fume
hoods with local ventilation and cleaning filters;

= The appropriate organization of special ventilation
system and schemes of air overflows to prevent the direct
flow of radioactive substances into the environment;

= Organization of special ventilation systems to
adequate pressure distribution and air flow in the block of
cyclotron, laboratories of syntheses, laboratory of quality
control, technology corridor and buffer zone;

= Installation of automatic control and display pressure
alarm and valve overlap for exhaust ventilation in case of
accidental release of radioactive substances into the air of
technological premises;

= Cleaning of ventilation air-out through the HEPA filters
(with purification efficiency of at least 99.9%) and activated
carbon at the outlet of exhaust systems and organization of
continuously monitoring of the activity of airborne emissions
from the manufacturing unit of PET-center.

Measures to protect the aquatic environment

To protect the water environment in the operation of the
PET center will be used special sewerage system,
consisting of four central decanter tanks, where radioactive
wastewater will be accumulated.

The automatic control of filling of decanter tanks is
used. After filling the tank drains automatically addressing
to another tank, and filled tank is sludged overnight, after
which, if the level of residual activity is less than control
level, the content will be dumped to sanitary sewer.

To control of accumulated in tanks activity, they will be
equipped with detectors of ionizing radiation dose rate and
sampling devices.

Solutions, which will arise during routine operations
with the parts of the cyclotron and decontamination of
laboratory equipment, contaminated transport containers,
etc., are considered as liquid radioactive waste (LRW) and
be poured upon to special containers. These tanks will be
located in a special shielded cabinet with ventilation in the
premises of the temporary storage of radioactive waste.

Measures to minimize radioactive waste.

Radioactively contaminated materials of the PET/CT
system, testing block in gamma camera, laboratories of
synthesis and quality control, cyclotron block will be
transferred to the appropriated premises of temporary
storage for radioactive waste to store in special containers
until the desired level of decay will be achieved. After that
these they can be removed with the household waste.

Operating portable generators will be returned for
recycling to the plant-manufacturer. Radioactive waste to
be disposed will be transferred to a specialized company
that has a license. To prevent uncontrolled radioactive
waste, an alarm system and a blocking system will be used
to lock the door to premises of temporary storage for
radioactive waste.

The prediction of the formation of radioactive waste
during decommissioning of PET-CT centre has been
performed. So highest activity will be accumulated in the
following structural elements:

= Accelerating chamber and the magnet yoke.

= Tantalum collimator.

» Foil made of titanium and HAVAR to remove the
proton beam.

= Target holder with silver.

= Plastic protector of target.

= Concrete of integrated cyclotron radiation protection.

= Stainless steel designs of cyclotron and auxiliaries.

To reduce the amount of radioactive waste that will be
disposed of, it is recommended to carry out decommission
of the center in several stages, one of which is a
conservation of facility for at least 1 year. As estimated, the
largest by volume (m = 35 t, V = 10 m®) of radioactive
material at decommission of the cyclotron MINITrace will
be the concrete, which is the part of integrated protection
which activity after a relatively long exposure (within 1
year) is mainly determined by the content of long-lived
gamma emitters %2E4 and *°Co and "pure" beta-emitting
radionuclides °H, **Ar and *°Sa.

To control the influence of the operation of PET Center,
we have developed a system of radiological control, one
element of which is the radiation monitoring of radionuclide
activity in the emissions and discharges that flow into the
environment.

Results.

We have evaluated the environmental impact of
exploitation of PET-center during normal operation and
emergency situations.

To evaluate environmental impact of operation of PET
center on air and water the Ukrainian norms and
methodology, the IAEA recommendations, and advanced
specialized software (HotSpot, FRAMES, MCNP,
MicroShield) were used.

According to forecasts, in normal operation the maximum
daily discharge of '®F from ventilation pipe of bloc for
fluorodeoxyglucose manufacturing (BFM) does not exceed
1,85 - 107 Bqg. Thus the annual effective radiation dose of the
population will not exceed 8,2 - 10 *® Sv, which is almost 500
times less than the quota of limit dose of 40 mSv per year,
which is set [1] for reference nuclear radiation facility.

Maximum activity of the radionuclide '®F in wastewater
(end of second shift normal operation) in decanter of BFM
will be ~ 10° Bqg in the sump and in the block of radio
diagnostic tests (BRT) - 1.87 - 10° Bq. After their retention
interval (for at least 24 hours before being discharged to
the sanitary sewer) concentration of '8F radionuclide will be
lower than the calculated value for allowable concentration
in drinking water for category B (DKg"%**).

As a result of consideration of possible emergency
situations during the operation of PET-center, which can
lead to increasing of radiation impact on the environment,
staff and population, the conservative and most likely
scenarios were selected and evaluations of their impact
were made, namely:

1. Design basis accidents in the block of cyclotron:

= Failure of the locking system startup accelerator,
causing the cyclotron began working with open shielding door;
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= Depressurization target or transport channel that
leads to the release of all worked out activity of '°F
(9,25 - 10" Bq per cycle).

2. Design basis accidents in the block of FDH
production:

= Loss of external power supply;

= Emergency release of the produced 8¢ activity to
internal volume of synthesis/dosage modules or to the
laboratory of FDH production due to violation of
manufacturing process;

= Emergency release of the produced 8¢ activity to
the corridor due to a fire, caused by internal in-doings;

= Violation of the system of special ventilation (no
filtering emissions through human error, violation of the
integrity of the duct as a result of mechanical damage).

3. Design basis accidents in the block of radio
diagnostic department:

= Spill a single dose of FDH in the room of reception
and training FDH or procedural for intravenous introduction
of FDH to patients;

= Loss of sources of ionizing radiation (closed or open);

= Curried out estimations shown that greatest possible
impact on the environment is at design basis accident,
associated with the release of '®F to air environment due to
failure of filtration in special ventilation system.

To exclude the possibility of such situation it is
developed multiple levels of cleaning in particular HEPA
filter (with an efficiency of more than 99.9%) and
activated carbon filters, as well as continuous monitoring
of release volume activity through the ventilation pipe and
alarm in the case of excess of control levels of emissions.
However, for the conservative estimation one more failure
was considered — failure of monitoring system (within one
month) and, as result, during this time contaminated air
was released from the system of special ventilation
without purification.

As magnitude of the total emissions from the block of FDH
production (per cycle during normal operation of equipment)
we conservative accept 1% of the worked out activity. Thus,
the daily total emissions will be ~2 - 10° Bq of "°F.

It was also assumed that during the month the wind
direction does not change, but the distribution of values of
wind speed and categories of atmospheric stability were
selected basing on regional conditions of the object
disposition. To enhance the conservatism estimation it was
assumed that during entire month the precipitation with
intensity of 1 mm/h are observed.

Obtained results of estimations show that in the case of
noted design basis accident maximum total effective dose
to the persons from population is not exceeded 1,2 - 10° Sv
(at a distance of 10 m from the building), that does not
exceed the level of acceptable risk.

Also the following beyond design basis accidents were
considered:

1. Accidents caused by an earthquake or a sudden shift as:

Variant 1. Simultaneously, the destruction of the duct
and release of contaminated air to the environment at a
height of 3 m (ground-level release).

Variant 2. The integrity of the duct is remained,
however, the filtration chamber is damaged and at a height
of 16 m the unfiltered air is released.

2. Accidents caused by external anthropogenic impact
(fire and destruction of the protective barriers due to the fall
of the aircraft);

3. Car accident with a fire during a transportation of
worked out production.

Obtained results indicate that even in the most
challenging case of beyond design basis accidents
(earthquake, variant 1) total effective dose to members of
the population, which is located at a distance of 150 m from

the emission source, not to exceed 5 - 10° Sv. According
to Table D.7.1 [1], this value is much less than the lowest
limit for any countermeasures.

When analyzing the impact of failures on the PET-
center in the aquatic environment the design base
accidents, associated with flooding surface and
groundwater, technical flooding and emergency discharges
of radioactive substances or radioactive effluents have
been considered.

Emergency discharges of radioactive substances into
the environment directly are prevented by protective
barriers and organizational measures, implemented in the
PET-center.

In case of accidental discharge of all worked out activity
of radionuclide '°F (9,25 - 10 Bqg/per cycle) to the tank
sump after 24-hour exposure its total activity decreased to
about 107 Bqg, and the specific activity - to ~ 5 MBq/m3, that
is well below DK g "% for "F. Waste water with the noted
concentration of "®F can be discounted to the sanitary sewer.

To prevent accidents when operating PET center the
emergency plans and instructions for radiation safety in
emergency situations will be developed, conducted training
with using the hardware (sensors with sound and light
alarm, emergency alarm system, blocking the entrance to
the premises, physical protection, etc.) and organizational
measures will be carried out.

All locations with elevated levels of radiation hazard will
be marked with appropriate warning signs.

There will be an organized system alerts staff in
controlled areas on the first and second floors.

In case of power failure of cyclotron the security
system, modules of synthesis and dosing provides
automatic (without operator intervention) transfer of means
in a safe condition which guarantees the preservation of
the integrity of engineered barriers and prevent the release
of radioactive substances in the environment, above.

The room and corridors will be equipped with
autonomous emergency lighting and markings pointing
toward exits (including emergency) in case of
disconnection from the centralized energy supply system.

The diesel generator with an eight-hour supply of fuel is
provided to prevent accidents due to disconnection of the
object.

It is also provided the automatic monitoring and display
of pressure (pressure difference) and backup ventilation
system in block of FDH production. In the case of failure of
prescribed limits of working pressure values, a alarm signal
will be generated by which staff should activate the
duplicate ventilation system or alarm system and stop
operations at facility.

To prevent accidents involving emergency release of
produced activity in the internal volume of the unit safety
cameras of PD manufacturing, even in case of failure of
standard filters and system of lock of chamber the project
provides additional filters (HEPA-filters and activated
carbon ) of exhaust ventilation systems installed in the
outlet exhaust system.

To prevent infiltration of groundwater into basements of
PET Center it is provided that the floors and exterior walls
are made of reinforced concrete with modern materials for
extra waterproofing and back-filling clay around the
perimeter of the exterior walls of the building. Moreover
basement near decanter tanks will be equipped with alarm
triggering, which operation will stop the operation of the
facility till elimination of emergency.

To prevent the release of radioactive substances into
the environment as a result of man-made flooding, after
carelessness of staff, accident in water system in the public
network sanitary sewer, the project envisages the following
measures:
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= The use of pedal taps or faucets automatic water
supply in areas where we are working with radioactive
substances;

= Drainage system drains to special sewerage from
the rooms of premises and second zones;

= Alarm of overflow of decanter tanks of special sewerage;

= Floor and basement walls made of reinforced concrete.

To prevent accidents due to loss of ionizing radiation
sources (IRS), the project envisages a system of lock and
alarm facilities, which are stored the IRS, that will prevent
the unauthorized access to IRS.

Also, PET-center is planned to organize security
system, which should ensure the physical protection of the
object (prevent accidental penetration of the public or third
party personnel to the controlled area).

rangap O., kaHa. ¢is.-maT. Hayk, TpuwuH B., KaHA. ¢i3.-maT. HayK,

Conclusions Thus, basing on the results of
environmental impact assessment of PET-center operation
during normal mode and under emergency situations, it
can be concluded that the risks arising from radiation
influence on the environment and the population are within
acceptable limit. At the same time the influence of
construction of state-of-the-art medical center on the social
environment will be positive.
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COMPLETE FAMILY OF H-BONDED 1-METHYLCYTOSINE HOMOASSOCIATES:
QUANTUM-MECHANICAL INVESTIGATION

On the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) theory level in vacuum for the first time was shown that stabilized by specific
intermolecular contacts complete family of m'Cyt-m'Cyt homoassociates counts 37 structures in diapason of 0+34,42 kcal/mol relative
Gibbs energies. Centrally symmetric homoassociate corresponds to global minima which is stabilized by pair of antiparallel H-bonds
N4H...N1 and has enthalpy of formation practically the same as in mass-spectrometry experiment (L.F. Sukhodub et al., 1976). Detail
analysis of intermolecular H-bonds, especially weak CH...O/N, physico-chemical properties has been performed. Briefly discussed
application of results in spontaneous point mutations of DNA theory.

Keywords: nucleic base, nucleic bases pair, complete family, hydrogen bond, cytosine, methyl-, methyl group.

Introduction. Nucleic bases (NB) play major role in
coding genetic information, RNA spatial structure,
engineering synthetic DNA. It's generally known that DNA
strands hold complementary NB pairs of Gua-Cyt and
Ade-Thy [23]. The complimentary principle is key factor
supplying the transmission of genetic information in
heredity line. Point changes of NB — mutations are
possible through creation of incorrect pairs by rare NB
tautomeric forms [24] which in turn leads to
transformation of canonical NB pairs into non-canonical
and errors during biosynthesis of DNA. RNA spatial
structure in many respects is defined by intermolecular H-
bonds between NB. Special emphasis in literature gives
attention to non-canonical NB pairs in RNA [10-12, 20].
At the same time synthetic DNA can be designed to have
non-canonical NB pairs. Every mentioned aspect
demands knowledge about geometrical and physico-

chemical properties of isolated NB as well as of their H-
bonded associates.

Object and methods. The goal of this paper is to
obtain geometrical and physico-chemical properties of all
possible 1-methylcytosine (m1Cyt) homoassociates which
involve all of it's seven possible tautomeric forms. Input
structures automatically generated by original algorithm.
Geometrical and electronic structure of molecules and
complexes as well as their wavefunctions were obtained
using density functional theory on B3LYP/6-311++G(d,p)
theory level in vacuum. All optimized structures has been
checked on stability by absence of imaginary frequencies
in their spectra. Electronic energies of NB interaction and
NB Gibbs free energies were obtained on MP2/6-
311++G(2df,pd)//B3LYP/6-311++G(d,p) theory level.
Quantum-mechanical calculations were done in Gaussian
03 for Win32 application [9].

© Glushenkov A., Hovorun D., 2014
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Intermolecular H-bond identification were done by
QTAIM method [2]. For identification of CH..O/N H-bonds
NBO-analysis [5] and Grunenberg constant [14,15]
methods were additionaly used. Grunenberg constants
calculations were done in Compliance 3.0.2 application [8].
Classical H-bond energies were calculated by logansen
method [4,19]. Non-canonical CH..O/N H-bond energies
and van-der-Waals contacts were calculated by Espinosa-
Mollins-Lecomte method (EML) [18].

Results and discussion.

Fundamental physico-chemical properties of
m1Cyt-m1Cyt homoassociates. Results are presented in
table 1. Atomic numbering based on standard scheme [3].
Belonging to the same plane as molecule methyl group
hydrogen atom has index 1. Complete family of H-bonded

homoassociates m1Cyt-m1Cyt contains 37 structures. These
structures consists of NB pairs in common tautomeric form
as well as rare tautomeric forms. Most energetically
favorable conformer 1 has centrosymmetrical structure,
stabilized by two antiparallel H-bonds on m1Cyt Watson-
Crick binding site (naming convention by [21]) and has zero
dipole moment. Ten homoassociates m1Cyt-m1Cyt has
planesymmetrical structure 3 of them are
centrosymmetrical); other 27 are significantly non-planar.

Conformer 1's population in standard conditions is 99,97%
and conformers 2, 3 has total population of ~0,03%.

It was established that homoassociates m'Cyt-m'Cyt
are stabilized by bond types: NH...N; NH...O; OH...N;
OH...O; CH...N; CH...O. Classic H-bond energies lie in
diapason 0,39+2,80 kcal/mol (table 1).

Table 1a

Fundamental physicochemical properties of m1Cyt-m1Cyt homoassociates

0
Complex AG', kcal/mol M, D AH.B/A.B
N4H1...N3
1 0.00 0.00
N4H1..N3
N3H...N3
2 5.31 6.54 N4H...02
N4H1...02
N3...C2
3 5.49 4.79 N4H1...N3
C1H...02
C1H...N3
4 6.47 2.99
N4H1...02
5 6.64 13.38 N4H2...02
C5H...N3
6 7.48 14.93
N4H2...02
N4H2...N3
7 7.54 10.60
N4H1..N4
N4H2...N3
8 7.81 13.28
C5H...02
C6H...02
9 7.85 10.64
C1H1...02
N1...02
C1H...02
10 8.01 1.00 02...N1
C1H...02
C1H...N3
N3...C5
11 8.16 5.54 N4H1..N4
C1H...02
C6H...02
12 8.82 12.25
C1H1...02
N3H...N3
13 8.83 3.99 N4H1...N4
02...02
C6H...02
14 8.97 13.90

C1H1...02

H-bond/vdW contact

p, a.u. Ap, a.u. 100¢ Eug, kcal/mol
0.032 0.088 0.08 6.39
0.032 0.088 0.08 6.39
0.028 0.080 0.07 5.90
0.016 0.054 0.02 3.1
0.031 0.031 0.05 5.42
0.007 0.024 139.4 1.22
0.020 0.063 0.05 4.20
0.002 0.009 0.41 0.39
0.014 0.041 0.05 2.19
0.027 0.105 0.06 4.67
0.025 0.088 0.06 4.16
0.006 0.017 0.05 0.96
0.024 0.089 0.04 4.06
0.022 0.068 0.02 4.71
0.014 0.044 0.12 2.63
0.019 0.060 0.08 3.67
0.009 0.030 0.04 1.69
0.012 0.037 0.03 2.14
0.006 0.019 0.23 1.15
0.004 0.017 170.5 0.92
0.008 0.025 0.13 1.44
0.005 0.018 232.2 1.02
0.006 0.022 0.38 1.24
0.006 0.018 0.70 0.99
0.005 0.014 109.4 0.72
0.011 0.033 0.04 222
0.007 0.022 0.20 1.28
0.013 0.042 0.04 2.35
0.007 0.021 0.22 1.28
0.029 0.080 5.81 6.76
0.033 0.088 5.46 6.75
0.002 0.002 4.74 0.34
0.014 0.045 0.03 2.50
0.008 0.025 0.20 1.43
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H-bond/vdW contact

Table 1a (Continue)

Complex AG’, kcal/mol M, D AH..B/A..B p, a.u. Ap, a.u. 100¢ Eus, kcal/mol
15 9.5 12.69 C6H...02 0.015 0.052 0.04 2.80
C1H1...N3 0.006 0.016 0.02 0.89
N3H...02 .027 A . 22
16 9.75 0.41 3H...0 0.0 0.100 3.38 5
N3H...N4 0.037 0.092 5.44 7.48
17 10.16 6.31 N4H...N3 0.019 0.060 0.05 2.45
N3H...02 0.023 0.082 0.05 3.77
C5H...N3 0.017 0.052 0.07 1.96
18 10.30 4.86
N4H1..N4 0.028 0.080 0.08 5.91
C1H...02 0.013 0.045 0.07 2.41
19 10.37 5.28
C1H...02 0.013 0.044 0.07 2.36
N4H1...02 0.028 0.101 0.04 4.85
20 10.63 3.89 N3H...N3 0.027 0.077 0.06 6.13
02...N4 0.002 0.007 20.11 0.28
o1 10.95 10.81 C5H...N3 0.010 0.030 0.09 1.58
N4H2...N4 0.011 0.031 0.06 1.15
1H...02 .01 .04 .07 2.34
22 11.21 0.97 C (0) 0.013 0.043 0.0 3
C1H...02 0.013 0.043 0.07 2.32
1H...02 .012 .04 .07 2.1
23 11.48 4.05 c © 0.0 0.040 0.0 6
C1H...02 0.012 0.045 0.04 2.34
24 11.96 6.81 N4H2...N4 0.014 0.041 0.05 2.23
N3H...02 .02 .097 . 4.7
25 12.68 0.00 3H...0 0.026 0.09 0.03 0
N3H...02 0.026 0.097 0.03 4.70
N4H1...N . . .07 .
2 16.62 130 3 0.038 0.098 0.0 6.98
O2H...N3 0.058 0.093 0.06 10.72
7 1770 4.89 O2H...N3 0.057 0.096 0.05 10.34
N4H1..N3 0.035 0.090 0.07 6.90
28 2155 3.42 C1H...N3 0.011 0.034 0.11 1.87
O2H...02 0.050 0.143 0.05 8.54
1H..N .01 .02 . 14
29 22,05 281 C 3 0.010 0.026 0.05 9
O2H...02 0.047 0.146 0.05 7.77
N3H...N3 0.033 0.084 0.06 7.15
30 22.54 6.82 N4H...N4 0.015 0.045 0.05 2.41
O2H...02 0.048 0.142 0.03 7.69
N3...N3 0.012 0.038 9.80 2.18
31 23.22 0.96 O2H...02 0.045 0.127 0.04 8.62
N4H1...N4 0.027 0.076 0.08 6.78
N3H...N3 0.034 0.087 0.06 712
32 23.53 4.34 O2H...N4 0.078 0.084 0.05 12.59
N4...02 0.002 0.008 8.96 0.39
N3H...N3 0.025 0.077 5.88 5.90
33 28.30 417 N4...N4 0.002 0.006 9.11 0.29
O2H...02 0.050 0.128 1.53 8.33
C1H...02 0.008 0.027 0.39 1.55
34 29.70 12.35 C1H...02 0.010 0.035 0.19 1.89
O2H...02 0.041 0.140 0.04 6.79
2H...02 . 12 . .87
35 30.72 15.03 (@) (@) 0.039 0.126 0.05 6.8
C1H...02 0.011 0.038 0.23 2.10
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Table 1a (End)

Complex AG®, kcal/mol M, D H'b‘x‘:{.‘fg"l\ll_\f?;tad p, a.u. Ap, a.u. 100¢ Eug, kcal/mol
36 31,68 0.06 O2H...N3 0.081 0.073 0.05 13.10
O2H...N3 0.081 0.074 0.05 13.06
37 34.42 13.38 O2H...02 0.039 0.125 0.05 6.80
C1H...02 0.010 0.037 0.24 2.00
Table 1b
Fundamental physicochemical properties of m'Cyt-m'Cyt homoassociates
Complex H'bT:{ngl\i\ﬁ?BntaCt das, A dus, A Aday, A ZAHB, deg

1 N4H1...N3 2.946 1.917 0.023 175.7
N4H1...N3 2.946 1.917 0.023 175.7
N3H...N3 3.005 1.977 0.020 174.6

2 N4H...02 3.187 2.164 0.004 177.8
N4H1...02 2.864 1.840 0.017 176.6
N3...C2 3.202 - - -

3 N4H1...N3 3.096 2.110 0.012 161.8
C1H...02 3.794 3.289 0.000 109.5

4 C1H...N3 3.427 2.349 0.000 168.9
N4H1...02 2.888 1.867 0.014 176.3

5 N4H2...02 2.970 1.953 0.011 179.8

6 C5H...N3 3.762 2.746 0.000 156.5
N4H2...02 2.967 1.952 0.011 176.0

7 N4H2...N3 3.032 2.109 0.015 149.5
N4H1...N4 3.190 2.298 0.006 146.1

8 N4H2...N3 3.152 2.149 0.009 169.4
C5H...02 3.456 2.440 0.000 156.0

9 C6H...02 3.372 2.345 0.000 157.3
C1H1...02 3.675 2.689 -0.002 150.4
N1...02 3.360 - - -
C1H...02 3.403 2.599 0.000 129.9

10 02...N1 3.317 - - -
C1H...02 3.476 2.685 0.000 129.0
C1H...N3 3.794 2.751 0.000 160.0
N3...C5 3.568 - - -

1 N4H1...N4 3.416 2.408 0.005 172.7
C1H...02 3.368 2.659 0.000 122.2

12 C6H...02 3.352 2.294 0.001 164.5
C1H1...02 3.637 2.621 -0.001 155.0
N3H...N3 2977 1.946 0.025 173.0

13 N4H1...N4 2.927 1.898 0.025 174.0
02...02 3.701 - - -

14 C6H...02 3.316 2.264 0.001 162.8
C1H1...02 3.552 2.527 -0.001 156.4

15 C6H...02 3.277 2.201 0.001 171.0
C1H1..N3 3.875 2.791 0.000 172.8

16 N3H...02 2.902 1.879 0.017 172.5
N3H...N4 2.883 1.846 0.030 172.5
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Table 1b (Continue)

Complex H'bT:./ng/\Lﬁ?gtaCt das, A dus, A Aday, A ZAHB, deg
17 N4H...N3 3.185 2.170 0.002 171.7
N3H...02 3.001 1.978 0.014 176.4
18 C5H...N3 3.310 2.242 0.005 167.7
N4H1...N4 3.008 1.981 0.020 176.4
19 C1H...02 3.323 2.260 0.000 164.2
C1H...02 3.332 2.271 0.000 163.6
N4H1...02 2.903 1.887 0.014 172.7
20 N3H...N3 3.010 1.988 0.022 169.3
02...N4 3.862 - - -
o1 C5H...N3 3.529 2.477 0.001 163.9
N4H2...N4 3.437 2.429 0.002 178.3
- C1H...02 3.352 2.267 0.000 172.3
C1H...02 3.357 2.271 0.000 172.3
03 C1H...02 3.340 2.311 -0.002 156.9
C1H...02 3.350 2.262 0.000 175.1
24 N4H2...N4 3.288 2.325 0.004 159.0
- N3H...02 2.913 1.903 0.014 167.2
N3H...02 2.913 1.904 0.014 167.2
o6 N4H1..N3 2.868 1.843 0.027 170.1
O2H...N3 2.689 1.667 0.057 175.3
- O2H...N3 2.686 1.671 0.052 173.3
N4H1..N3 2.923 1.894 0.026 173.0
08 C1H...N3 3.313 2.469 -0.002 133.4
O2H...02 2.630 1.627 0.036 177.5
29 C1H..N3 3.517 2.558 -0.001 146.3
O2H...02 2.637 1.640 0.029 176.2
N3H...N3 2.950 1.918 0.028 171.0
30 N4H...N4 3.312 2.289 0.002 178.3
O2H...02 2.647 1.658 0.028 171.3
N3...N3 2.972 - - -
31 O2H...02 2.674 1.687 0.038 166.0
N4H1...N4 3.019 1.988 0.027 173.2
N3H...N3 2.920 1.903 0.029 164.8
32 O2H...N4 2.594 1.547 0.081 175.8
N4...02 3.733 - - -
N3H...N3 2.998 2.001 0.021 161.4
33 N4...N4 3.948 - - -
O2H...02 2.631 1.631 0.034 175.2
C1H...02 3.359 2.565 -0.002 129.0
34 C1H...02 3.308 2.421 -0.005 137.4
O2H...02 2.680 1.705 0.023 168.9
- O2H...02 2.720 1.746 0.024 168.5
C1H...02 3.278 2.379 -0.006 138.7
36 O2H...N3 2.591 1.534 0.089 179.2
O2H...N3 2.594 1.537 0.089 179.5
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H-bond/vdW contact

Complex AH..B/A..B

O2H...02 2.723
C1H...02 3.294

37

das, A

Table 1b (End)

dHB, A AdAH, A AAHB, deg
1.750 0.024 168.1
2.396 -0.006 138.7

*Note: AG’ - relative Gibbs free energy (T=298,15K; P=1atm); y — dipole moment; AH...B/A...B — atoms forming H-bond and/or van-
der-Waals contact; p — electron density at BCP, Ap — laplacian of electron density at the BCP, ¢ — ellipticity at the BCP; E;g — H-bond
energy; distances dag, dys and angle ZAHB between H-bond atoms; elongation Adan of H-bonded AH group

Identification of weak CH..O/N H-bonds. Weak CH..O
and CH..N bonds attract special interest in literature. One of
the problems discussed are their physicochemical properties
and classification. It was established [17] that in such
conditions that type of specific contacts is true H-bond. Our
interest has been attracted to this H-bonds because 20 out
37 conformers in complete conformational family of
m1Cyt-m1Cyt homoassociates are stabilized through
CH..O/N H-bonds. In 16 conformers m-group in position 1
takes part in CH..O/N H-bonds as proton donor. As we can
see from table 1 QTAIM method identifies all specific
CH..O/N contacts as H-bond. Although for their robust
identification as a true H-bonds we additionally used NBO-
analysis [5] and Grunenberg constants methods [14,15].

Quantum-mechanical calculations' results of
stabilization energies E® and Grunenberg constants for
these H-bonds are presented in table 2. As we can see all
values E®>0 which means charge transfer from atom-
acceptor lone pair to C-H antibond. Also all Grunenberg
constants are positive which means stabilization (pull not
push) nature of specific CH..O/N contacts. No charge
transfer in complex 3 means borderline case of
transformation H-bond into van-der-Waals contact and can
be useful for future investigations of lower bounds for
electron density and it's laplacian in corresponding H-bond
critical point. Obviously, that by using QTAIM theory only,

it's hard if not possible at all to tell the difference between
AH..B H-bond and A..B van-der-Waals contact. It's seen
from table 1 that for van-der-Waals contacts electron
density values belong to 0.002-0.012 a.u. diapason and
laplacian of electron density values belong to 0.006-0.038
a.u. diapason. At the same time for weak H-bonds electron
density values belong to 0.006-0.019 a.u. and laplacian of
electron density values belong to 0.009-0.052 a.u.
Comparability of values in both cases shows us the
necessity of QTAIM usage in pair with NBO-analysis for
identification and investigation of weak H-bonds nature.
Although this fact doesn't diminish the value of QTAIM
analysis as most generic and relatively cheap method for
modeling electronic clouds.

We'll add that for CH..O/N contacts we found linear
relation of H-bond energy Eng from electron density in bond
critical point p. Relations for data in table 1 are

ESH-© =175.121.p+0.107 and ESN =163.684-p —0.044

with RMSD  values of 0.0003 kcal/mol and
0.0043 kcal/mol respectively. Data extrapolation on base
of these relations to minimal electron density value of
p=0,002 a.u. gives adequate minimal H-bond energy

values of ESZ~°(min) = 0,46kcal/ mol and

Egn(min)=0,28kcal/mol .

Table 2

Stabilization energies E® and linear Grunenberg constant Cstr values
for intermolecular CH..O/N H-bonds in m'Cyt-m'Cyt homoassociates (calculations on B3LYP/6-311++G(d,p) theory level)

Complex AH...B
3 C1H...02
4 C1H...N3
6 C5H...N3
8 C5H...02
9 C6H...02

C1H1...02
C1H...02
10 C1H...02
C1H...N3
11 C1H...02
12 C6H...02
C1H1...02
14 C6H...02
C1H1...02
15 C6H...02
C1H1...N3
18 C5H...N3
19 C1H...02
C1H...02

E®, kcal/mol Cstr, A/mdyn
0.00 210.862
3.32 11.904
0.96 56.735
1.79 35.720
2.36 29.497
0.37 66.103
0.16 55.063
0.08 81.740
0.21 58.270
0.06 233.045
3.03 20.523
0.42 71.288
3.30 16.476
0.60 42.019
4.41 9.990
0.89 49.176
5.53 8.214
1.66 14.329

1.62 15.430
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Table 2 (End)

Complex AH..B E® kcal/mol Cstr, A/mdyn
21 C5H...N3 1.46 18.925
29 C1H...02 1.41 14.395

C1H...02 1.35 14.539
23 C1H...02 1.12 25.317
C1H...02 2.49 13.805
28 C1H...N3 0.90 17.845
29 C1H...N3 1.08 56.163
34 C1H...02 0.51 30.099
C1H...02 0.75 24.909
35 C1H...02 0.72 21.020
37 C1H...02 0.71 21.897

Interpretation of classic mass-spectrometry
experiment. In [1, 6, 7] is described mass-spectrometry
experiment with registration of associatin9 biomolecules in
vacuum. In this experiment reaction m Cyt + m1Cyt —
m'Cytm'Cyt has been registered and it's reported
standard enthalpy of formation has value of AH =
73,3 kd/mol for T=383K. Basing our hypothesis on
population value of most energetically favorable
homoassociate 1, we calculated for it standard enthalpy of
formation with account of so-called BSSE correction. We
report theoretical value of AH=72,09 kJ/mol which
coincides with experimental value with precision of 1.65%.
This tells us that experimental value of standard enthalpy
of formation corresponds to most energetically favorable
complex 1 (table 1, pic. 1). By the way, exceptional
coincidence of theoretical and experimental data which
were obtained through extrapolation on zero field
technique points on legitimacy of the last.

Fig. 1. Chosen m1Cyt-m1Cyt homoassociates
(see also tables 1 and 2).
Intermolecular H-bonds and van-der-Waals contacts are depicted
by dotted lines. Their distances H...B and A...B are shown in A.

Spontaneous point mutations theory. Obtained data
is also useful in spontaneous point mutations theory which
is today far from it's complete and non-contradiction state.
Such in paper [16] propeller-like homoassociate is
postulated. It's so-called short Watson-Crick pair of

Cyt-Cyt* which is stabilized by two H-bonds N3 H...N3, N4
H4-1..N4 and van-der-Waals contact 02..02 and is
transversion. Our data shows that this same complex is
homoassociate 13 (AG%=8,83 kcal/mol) and is most
energetically favorable among all other homoassociates
with syn-oriented glycosidic bonds N1-C1m. This fact
strongly evidences against all other possible alternatives
and pair of Cyt-Cyt* is responsible for spontaneous point
mutations of this type during DNA biosynthesis.

Conclusions. First to obtain complete family of
m1Cyt-m1Cyt homoassociates for standard conditions.
Complete family contains 37 structures with relative Gibbs
free energies in 0+34,42 kcal/mol. Homoassociates are
stabilized through classic (NH...N; NH...O; OH...N; OH...O)
and weak (CH...N; CH...O) H-bonds as well as van-der-
Waals contacts. It's shown that sugar-replacing methyl group
is proton donor in H-bonds and influences Gibbs distribution
for homoassociates. We show that QTAIM theory should be
used in concert with NBO-analysis while investigating
specific intermolecular contacts. Linear relation between
CH..O/N H-bond energy EHB and electron density in bond
critical point p. First to interpret theoretically result of
classical mass-spectrometry experiment (L.F. Sukhodub et
al., 1976). Showed theoretically that homoassociate
m1Cyt-m1Cyt* is responsible for spontaneous point
mutations during DNA biosynthesis.
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MNOBHE CIMEVCTBO H-3B'A3AHMX FOMOACOLIATIB 1-METU/IUMTO3MUHY:
KBAHTOBO-MEXAHIMHE JOCNIAKEHHSA

Ha pigHi keaHmMogo-MexaHiyHoi meopii MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) 8 eaKyyMHOMy HabrUXeHHi enepuwe rokasaHo, Wo rosHe cimelicmeo
2omoacoujamie  m Cyt-m Cyt, cmabinizogaHux crieyuidHUMU MDKMOMEKYISPHUMU KOHMakmamu 3a HOpMasbHUX ymos, Hapaxosye 37 cmpykmyp 6 Oiana3oHi
8IOHOCHUX eHepeiti [i6bca 0+34,42 Kkan/Mornb. [TobanbHOMy MiHiMyMy eHepeil eidnosidae ueHmMpocumempuyHUli 2omoacouiam, cmabinizogaHull Naporo
aHmunapanensHux H-3e'siskie N4H...N1: eHmarbnis (020 ymeopeHHsI npakmu4Ho criigrnadae i3 pesyrbmamamu Mac-CrieKmpoMempuyHoeo excriepumeHmy (/1.@.
Cyxodyba ma iH., 1976). JemarnbHo npoaHarniaogaHO OCHO8HI (Di3UKO-XiMiYHI eracmueocmi MiXMOeKynspHux, ocobrueo crabkux CH...O/N, H-3e's3kie. Kopomko
062080pHEMBCST 3aCMOCY8aHHSI OMpPUMaHUX pe3yribmamie 8 meopii crloHmaHux mo4kosaux mymauit JHK.

Knro4vosi crnoea: HykneiHosa ocHoga, rnapa HyKIeiHo8UX OCHOB8, MosHe CiMelicmeo, 800HE8UL 38'A30K, UUMO3UH, Memurl-, MemusibHa apyrna.

FnyweHkoB A., acn., FoBopyH [1., A-p 6uon. Hayk,
kadp. 6uoTexHonorun u 6momHcgpopmaTku, MHCTUTYT BBICOKMX TEXHOMNOTUIA
KueBckuit HauMOHaNbLHbIN yHUBepcuTeT UMeHUn Tapaca LLleB4yeHko

NONHOE CEMEWCTBO H-CBSAA3AHHbIX FTOMOACCOLIMATOB 1-METUJILIMTO3UHA:
KBAHTOBO-MEXAHWUYECKOE NCCJIEAOBAHMUE

Ha yposHe keaHmogo-mexaHu4eckoli meopuu MP2/6-311++G(2df,pd)/B3LYP/6-311++G(d,p) 8 eaKyymHOM mpubnuxeHUU eriepsbie roka3aHo, Ymo [ofiHoe
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DEVELOPMENT AND TESTING OF THE EXPERIMENTAL SYSTEM
FOR REGISTRATION OF FOOD REFLEX IN RATS

Automated system for registration of behavioural feeding response in rats designed and developed. The system includes the
specialized hardware and software. The testing of the system is conducted.
Keywords: cognitive abilities, food reflex, rat, photoelectric registration.

Introduction. According to the World Health neurodegenerative pathologies. For recording of the

Organization, currently about 450 million people worldwide
suffer from mental and neurological disorders, the most
widespread are cognitive impairment. Among those it
should be mentioned the diseases such as ischemia,
Alzheimer's disease, Parkinson's disease, neuropathy and
others [2]. However, the molecular mechanisms involved in
the abnormal neurogenesis of various nervous diseases
are not yet fully understood. In this connection, it is relevant
to study the mechanisms of nervous diseases that are the
basis of integrative brain function in the implementation of
complex behaviors in normal and most common

changes in the functioning of the brain and cognitive
abilities the study of complex behaviors in animals are
used. The aim of given work was to create a registration
system of food behavioral responses of rats for the
automatic recording of the time characteristics of a
conditioned reflex movements and manipulations of rat.
Comparing the characteristics for control animals and
animal model (with induced disease of the nervous system)
makes it possible to evaluate objectively the disruption of
the brain function during pathologies and to assess the
cognitive abilities of experimental animals. This system
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allows to test new pharmacological agents and drugs for
their ability to prevent the development of severe
pathologies of the brain.

Experimental results and discussion. To perform the

required tasks we used the methods of electronic circuit design,
software development, programming of the microcontroller and
the method a conditioned food reflex in rats.
We developed the system for estimation of cognitive
properties of experimental rats called the feeder, It is
shown on the figure below, Fig. 1. Feeder consists of the
following areas: the area of electronics and power supply;
zone of the stepper motor; zone of plates with cells for
food; the area of a chamber with a hole for food. , in which
a rat is located. The general block diagram of the
developed experimental setup is presented on Fig. 1.
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Electronics and power supply

Fig. 1. The general block diagram
of the experimental setup

Area of electronics and power supply consists of two
power supplies (5V DC, 2A and 24V DC, 2A); the controller
for the stepper motor; control board with microcontroller
ATMEGAS8A, firm ATMEL for operation of food feeder,
audio and light stimuli, and Infrared (IR) sensors, Fig. 2. IR
sensors, sound and light sources were used for stimulation
and registration of rat behavior.

Motor

Motor controller

IR sensor

<+ Microcontroller —

Auditory and visual stimuli +5V +24V

Fig. 2. The general block diagram
of the area of electronics

The concept of system operation is the following: after
presenting the audio or light signal, the rat with produced a
food conditioned reflex, has approached the feeding hole
and tried to get the food ball by mouth or paw [1]. The
events in the feeding hole are registered by the photocell.
Schematic representation of the block diagram of the
electronic area is shown on Fig. 3.

On the scheme there are presented the audio or visual
stimulus that triggers registration (Fig. 3 A); the latent
period (time for a new movement of searching in the feeder

(Fig. 3 B); the intersection of a ray of light (photocell
registration) number of intersections — search movements
and time spent on obtaining food are pointed by dashes
(Fig. 3 C); the motor activity of rat in interpulse period (M)
(6—80 sec), moving around the chamber, and the number
of search movements (Fig. 3 D).

o wijs e

Fig. 3. Schematic representation of the course
of the experiment

Figure 4 shows the photoelectric recording process of
getting the food by rat. To register the events the following
parameters were used (Fig. 4): r — obtaining of food boll
from empty feeder; feeder charged with food ball;
r + p — getting from charged feeder; arrows point the
charging feeder with food and obtaining of food ball by
animal; RD — summary duration of food getting; TRr —
summary interval between attempts of food getting; RN —
number of attempts required for obtaining the ball; RT — the
time between the first attempt and the final disposal of the
ball; IR/~ interval between attempts.
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Fig. 4. Photoelectric registration of obtaining food
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The software for the microcontroller is written with using
the environment IDE AVRStudio 4. This software supports
the work of feeder, namely controls positioning feeder and
registration of events, such as the presence or absence of
food, the presence or absence of legs in the hole for food,
"RESET" position of feeder, closed shutter position of
feeder, feed ready position. Serial data transfer to the
computer is implemented in the software. Acceptance of
data from the computer occurs through the interrupts.

Computer software written by the environment of
Borland C++ Builder 6. The exchange of data through the
serial port is implemented with a WINAPI. The software is
called "KORMUSE" and consists of five Units, each of
which performs its functions. Unit 1 — is the main program
form. It is the main menu, the indicators, parameters,
experiment control and log of the data exchange between
MCU and PC via the serial port are presented. Unit 2 - the
window setting serial port. It is possible to set the number
of the serial port and communication speed. Unit 3 — the
window with experimental data, log events. In this window
all the events registered with system are recorded. Unit4 —
the protocols of the experiment setup. In this window,
different experiment settings, time delays and control of a
sound and light stimulus can be set. Unit 5 — experimental
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data statistics. In this window, statistical processing of
experimental data are performed. 1
Developed system was tested on animals. As testing I |
animals, the male Wistar rats aged 5 months were used. In 1500 - T J
these rats previously the conditioned food reflex was
worked out. Studies of the dynamics of conditioned-reflex 1000
activity of rats in the experimental chamber were fulfilled
using the developed Feeder system. The obtained numeric
results are presented in Tab.1. The designations of
measured parameters correspond to those on Fig. 4. As
can be seen from the Tab. 1 we measured parameters RD, 01
TRr, RN, RT and MI. The data shows that rat took out the
food in the average of two attempts (RN), the time of
getting out of food was quite long and was about 1600 ms

1

500 -

[

RD, ms TRr, ms RN RT, ms MI

(RD). Also important to note the high activity of rat that tried Fig. 5. Graphical representation of results
to get the food at a time when the feeder was closed. The
average number of such attempts was 14 (M). Conclusions. It was developed the automated
registration system for registration of food behaviors of
Table 1 rats, analogues of which did not exist.
Numerical characteristics Testing of the system has shown its efficiency and
of the conditioned reflex of the rat effectiveness in the use of automated quantitative
Parameter / assessment of behavioral responses of rats.
attempt | RD>Ms | TRr,ms | RN | RT, ms mi The numerical parameters estimating the food
1 1750 0 1 1750 11 conditioned reflex in rats were obtained with using the
2 2016 0 1 2016 29 developed system.
3 1969 251 5 | 2220 10 REFERENCE:
4 875 0 1 875 10 1. Bures J. Techniques and basic experiments for the study of brain
5 1489 327 2 1816 11 and behavior / J. Bures, O. Bureshova, D. P. Houston /| Vysshaya Shkola,
Moscow, 1991, — P. 216-220. (in Russian).
Tesa£ _2210% _:1762 + ? 7 _:72?3% _:1 2. Kostyk P.G. Calcium (ions in bra)in function — from physiology to

pathology / P. G. Kostyk, E. P. Kostyuk, E. A. Lukyanetz |/ Kyiv: Naukova
Dumka, 2005, — P. 99—152. (in Ukrainian).

The data from the Tab. 1 were graphically presented in Fig. 5. Submitted on 09.10.14
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A NOVEL NANOPOSITIONING SYSTEM FOR SCANNING PROBE MICROSCOPY

We describe a new original design of the nano-positioning device to be used in scanning probe microscopy applications. It consists of
four piezoelectric elements producing linear displacements, which are mechanically combined to obtain fully independent positioning
capability along three orthogonal axes. The new device is ultra-compact, ultra-high vacuum compatible, and does not require any
expensive parts to produce it. We report the results of preliminary testing of the scanning tunnelling microscope equipped with the novel
nano-positioning system, which was used to obtain images of the graphite (0001) surface in ambient environment and the Ge(111) surface
in ultra-high vacuum conditions.

Keywords: scanning probe microscopy, piezoelectric effect, nano-positioning, ultra-high vacuum
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Introduction. Investigating matter at nano-scale is
becoming ever more important in modern scientific
endeavor. The nanostructures on solid surfaces can be
researched in great detail by a group of techniques usually
referred to as scanning probe microscopy (SPM). Among
them are the scanning tunneling microscopy (STM) and the
atomic force microscopy (AFM), which can routinely
achieve atomic resolution on various solid surfaces.

All SPM techniques rely on the so-called "scanning"
procedure, being essentially a controlled movement of a
very sharp tip in a very close proximity to the surface of
investigated sample. In order to obtain an image, one has
to be able to move (scan) the tip independently in any
orthogonal direction with a precision of ~0.01 nm. The
easiest way to achieve this is to utilize an inverse
piezoelectric effect, therefore, most SPMs are equipped
with piezoelectric scanners. In Fig. 1, we summarize the
previous known designs of piezoelectric scanners most
often used in practical SPMs. They allow to move the
probe tip relative to the investigated sample with the above
mentioned precision, while a typical travel range is equal to
several micrometers.

Historically, the first type of scanner was a tripod
combination of three linear piezoelectric drives (Fig. 1a).
These drives are attached to each other within the holder
of the SPM probe tip, while their other sides are fixed to
orthogonal reference planes. The simplest drive consists of
a slab of some piezoelectric material with two of its
opposing sides being covered by metal electrodes, to
which a voltage can be applied. In this way, each individual
drive can be independently elongated or contracted, thus
moving the probe tip along the corresponding orthogonal
axis. The linear drives are cheap and readily available,
making the tripod scanner an easy option in SPM design.
However, the tripod is problematic in terms of spatial
limitations in ultra-high vacuum (UHV) microscopes, the
latter being severely constrained by the inner diameter of
the vacuum chamber flange.

The tube scanner (Fig. 1b) is by far the most often used
type of scanner in modern SPMs. It consists of the
piezoelectric material of the tubular shape, with inner and
outer metallic electrodes, one end of the tube being fixed to
the reference plane. The inner electrode is continuous, but
there are four separate outer electrodes, each covering
one fourth of the tube's outer perimeter. Normally, the inner
electrode is grounded, so applying independent voltages to
outer electrodes, one causes independent contraction or
elongation of the tube's quarters. Inequivalent deformation
of different quarters leads to bending of the entire tube.
The direction of bending relative to the tube's axis is
determined by voltage differences on the pairs of opposite
outer electrodes. The magnitude of bending is negligible on
the scale of tubes' dimensions, which is why such bending
is equivalent to linear movement of the tube's free end in
the plane perpendicular to the tube's axis.

This provides for the probe tip movement along two
orthogonal axes (normally X, Y within the surface plane of
the sample). Simultaneously, changing the average voltage
on all four outer electrodes, leads to scanner's tube
contraction or elongation as a whole, being equivalent to
the movement of the tube's free end (where the probe tip is
attached to) along the symmetry axis (normally Z axis
perpendicular to the sample's surface).

Similar to the tube scanner in terms of the operation
principle is the cross scanner (Fig. 1c). Instead of a tube,
the piezoelectric material is shaped as a cross, which is
extruded along the Z axis. One end of the scanner is firmly
attached to the reference plane, while the other end (where
the probe tip sits) is free to move according to actual
deformations of the cross' four bars: X1, X2, Y1 and Y2.

The latter can be addressed individually by applying
voltages to their corresponding electrodes. Low magnitude
bending of this scanner relative to its symmetry axis is
equivalent to the movement of its free end within the plane,
which is perpendicular to the axis (XY plane). Contraction
or elongation of the scanner as a whole shifts its free end
along the Z axis. In a nutshell, it is possible to set the XYZ
coordinates of the scanner's free end in an arbitrary
manner (within the maximum travel range) by setting the
voltages on the X1, X2, Y1 and Y2 bars according to a
specific algorithm.

tip

electrode

S~~~
piezom aterial

reference plane

a)

4
inner / \
electrode

outer

electrode piezom aterial

b) piezom aterial

electrode

2

Y1
c)

Fig. 1. Previously existing types of nano-positioning
systems (scanners) for scanning probe microscopy:
a) tripod; b) tube ; c) cross

The tube and cross scanners are rather compact, thus
being favorable for use in the UHV compatible SPMs.
However, their production involves a sophisticated
machining of the piezoelectric material, resulting in
expensive devices. The major goal of the present work,
was creation and testing of the new type of scanner, which
would combine the compact shape of the cross scanner,
but will be built as a combination of inexpensive linear
piezoelectric drives.
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Basic principles of the new nano-positioning
system. The pivotal idea of the new nano-positioning
device is to achieve a full three-dimensional positioning
capability by combination of tilting with elongations or
contractions. A proposed device (Fig. 2a) consists of the
central cross-bar and the bridge (both made of stainless
steel, aluminum, etc.) and four linear piezoelectric drives
(similar to the ones used in the tripod scanner). A pair of
two opposite drives has their lower ends glued to the
reference plane, while their upper ends support the
shoulders of the cross-bar. In its own turn, the lower part of
the freely suspended cross-bar serves to support another
orthogonal pair of linear drives. The latter are joined by the
bridge above the cross-bar.

bridge

ti

cross-bar

reference electrode

plane

piezodrive

movement of the a)

tip in the plane

movement of the
tip in the plane Y

6)

Fig. 2. The new proposed cross-bar type of scanner
for nano-positioning in scanning probe microscopy:
a) general scheme of the scanner with the probe tip;
b) translation of tilting in different directions into linear movements
of the tip within the XY plane of the sample's surface

The operation principle of the cross-bar scanner is
depicted in Fig. 2b. If X drives are contracted/elongated to
a different extent, the cross-bar becomes tilted together
with another pair of drives and the bridge, which supports
the SPM tip. As the magnitude of tilting is infinitesimal, it is
equivalent to moving the tip along the X axis. If the Y drives
are contracted/elongated to a different extent, only the
bridge will be tilted, but in direction orthogonal to that
described above. This is equivalent to the tip being moved
along the Y axis. Finally, the tip's position along the Z axis
is determined by the sum of average lengths of both pairs
of piezoelectric drives.

In the following we describe the electrical addressing
scheme of the piezodrives in the cross-bar scanner, which
allows to set all three orthogonal coordinates of the tip
independently (Fig. 3). The positive electrodes of all four
piezodrives are connected together and biased by the UZ
voltage source. The negative electrodes are biased
separately by their respective voltage sources: UX1, UX2,

UY1 and UY2. At any given value of UZ, the difference
between UX1 and UX2 (or UY1 and UY2) will determine
the X (or Y) coordinate of the tip. Also, changing the UZ at
any given set of values UX1, UX2, UY1 and UY2 will
change the Z coordinate of the probe tip.

Fig. 3. Electrical addressing scheme of individual
piezoelectric drives within the cross-bar scanner

The UX1 and UX2, or UY1 and UY2 are pairs of
complementary voltages: if UX1 (UY1) is increased, then
UX2 (UY2) is decreased correspondingly. This introduces
unequal lengths within the X (Y) pair of piezoelectric drives
and thus, tilting of the cross-bar and the bridge. In the limit
of infinitesimal tilt, there is a linear dependence of X and Y
coordinates on UX1, UX2, UY1 and UY2 voltages (Fig. 4).
Due to the complementarity of the UX1 and UX2, or UY1
and UY2 voltages, their average remains constant. This
leads to linear dependence of the tip's Z coordinate on the
UZ voltage (Fig. 4). To avoid depolarization of the
piezoelectric material, the minimum possible value of UZ
must be higher than the maximum possible value of UX1,
UX2, UY1 and UY2.
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Fig. 4. Dependencies of X, Y and Z coordinates
of the tip on the voltages supplied to the cross-bar scanner
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Experimental. We have used simple home-made
linear drives consisting of a PZT-type piezoelectric material
(size: 14 mm x 1mm x 1mm) with two opposite sides
covered by silver electrodes. They were glued to the cross-
bar and the bridge by means of two-component UHV-
compatible epoxy. This assembly was used as a scanner
of a home-built STM mounted on the 6" conflate-type
flange of the UHV chamber with the base pressure of 3x10°
' mbar. The UX1, UX2, UY1, UY2 and UZ voltages were
supplied by the STM control unit, the maximum values of
UX1, UX2, UY1 and UY2 being equal to 150 V, while the
maximum value of UZ was equal to 400 V.

The scanner was tested for operation at 300 K in the
ambient and UHV environments. The probe tip was hand-
cut from the wire composed of 80% Pt and 20% Ir. Two
samples were investigated: highly oriented pyro lithic
graphite (HOPG) and p-type Ga-doped Ge(111). The fresh
(0001) natural cleavage surface of HOPG was obtained by
simple detachment procedure using the scotch tape. The
Ge(111) wafer was cleaned in-situ by 500 eV Ar’ ion
bombardment and annealing at 900K.

c)

Fig. 5. a—c: Consecutive STM images
of the HOPG(0001) surface.
The 1.5 pym x 1.5 pm imaged area is shifted from a) through
c) due to thermal drift. Sample bias voltage U = 50 mV,
tunneling current 5 nA.

The problem of rapid thermal drift is substantially
reduced when the STM is operated in UHV, which
improves the thermal isolation from the ambient
environment. This is demonstrated by three consecutive
images of the Ge(111) surface in Fig. 6a, 6b and 6¢ (image
size 1.5 ym x 1.5 ym), with no substantial shifts of the
imaged area. A smaller area (100 nm x 100 nm) on the
same sample shows three atomically flat terraces
separated by two single atomic steps (Fig. 7). Although
atomic-size objects are plentiful on every terrace, no long
range order is observed, indicating that the topmost layer
of germanium sample is amorphous.

Fig. 6. a-c: Consecutive STM images of the Ge(111) surface.
The image size is 1.5 pm x 1.5 ym, sample bias voltage U =2.5V,
tunneling current | = 0.5 nA. No thermal drift is noticeable
from a) through c).

Conclusions. In this work we have successfully
designed and constructed a new type of the nano-
positioning device (scanner) for applications in scanning
probe microscopy. Its functioning was tested in
the scanning tunneling microscope both in ambient and
UHV environments. The obtained images of HOPG(0001)
and Ge(111) show atomically flat terraces and single
atomic steps.
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Fig. 7. STM images of the Ge(111) surface.
The image size is 100 nm x 100 nm, sample bias
voltage U = 2.5V, tunnelling current | = 0.5 nA. a) grey-scale
representation of the surface topography: brighter areas are closer
to the viewer; b) 3D reconstruction of the surface topography.
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ANALYTICAL RELATIONS FOR CALCULATION THE ENERGETIC EFFICIENCY
OF TRIODE GLOW DISCHARGE ELECTRON GUNS

Dependences of energetic efficiency of triode high-voltage glow discharge electron guns from acceleration voltage, operation pressure
and from voltage on additional electrode have been obtained and presented in the article. Obtained mathematical model is formed by
analytical solving of algebraic equations, which is a result of consideration of equations of ions balance in anode plasma and equation of
discharge self-consistency. Obtained simulation results are shown, that the energetic efficiency of triode glow discharge electron guns is
lead in range 80-90%, therefore such type of electron guns can be successfully used in the modern electron-beam technologies.

Keywords: electron guns, electron-beam technologies, high voltage glow discharge, anode plasma, triode electrode system

Introduction. Glow discharge electron guns (GDEG) are
widely used in industry for providing different technological
operations, such as: effective, high-rate and high-quality
welding in the soft vacuum; refusing of refractory materials;
deposition of high-quality ceramics films and coatings in the

soft vacuum; high-rate annealing of items in the soft vacuum
[1, 2, 5, 6, 12-15]. Great interest to development and
applying in industry of high voltage glow discharge (HVGD)
electron guns is caused by many important advantages,
which are difference such type of guns from the traditional

© Denbnovetskiy S., Melnyk I., Tuhai S., 2014
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guns with heated cathodes. Among these advantages most
important are follows.

1. GDEG operated in the medium of soft vacuum,
range of 1-10 Pa, with acceleration voltage range of
5-30kV[1, 2, 12, 13]. Therefore, low cost, simple
evacuated systems are suitable for providing the operation
of GDEG. Usually level of vacuum is defined by the
requirement of realised technological process.

2. GDEG can successfully operate in the medium of
different gases, including active and noble ones, dependence
on the requirement of technological process [2, 5, 6 12].

3. Relative simplicity of guns’ construction and low cost
of technological equipment [2, 5, 6, 12].

4. Simplicity of realising control of discharge current,
and, as a result, of beam current, by changing the pressure
of operation gas in the gun’s volume. This control method
is simply realised by changing the gas flux in the gun’s
volume with its uninterrupted pumping [2, 4].

Therefore, elaboration of HVGD electron guns and its
applying in industry is the very actual scientific and
technical problem for future development of modern
electron-beam technologies [2, 6].

Problems and its’ discussion. However, well-known
gas-dynamic method of gun current control is very slow,
usually time constant of current regulation is range of from
hundreds millisecond to few second. Such slow regulation
is explained by the low speed of gas-dynamic processes
[4]. Such high value of time regulation constant is not
suitable for modern electron-beam technologies [2, 5, 6,
13-15]. Therefore, many years ago was considered the
possibility of fast electric control of HVGD current in more
complicated triode electrodes systems by applying
relatively small potential to the additional electrode [3].
Provided experimental investigations show, that for
electrical control of the discharge current time regulation
constant is much smaller, range of tens or hundreds
microsecond. Therefore, using of triode GDEG in the
modern electron beam technologies is really very
promising [6, 14].

However, investigation of complex physical processes
in the triode HVGD electrodes systems was provided only
in last years and has been considered in papers [7, 9—11].
This advance caused by development of mathematical
methods in computer-aided design (CAD) software, such
as MatLab and other, which are allow today solving the
complex physical problems, such as simulation of
discharge systems with located plasma region and with
interacted fluxes of charged particles. In the published
papers the ion concentration in anode plasma is estimated
by solving the algebraic equations of ions balance with
taking into account the equation of discharge self-
consistency. Firstly was found very important analytical
relation for position of plasma boundary relative to the
cathode [10]. When position of plasma boundary, and,
certainly, plasma volume, is known, was obtained the
correspondent simple relations for ion concentration [7, 9,
11], for current of main discharge and for current of
additional discharge [9, 11].

Provided theoretical investigations allows to estimate
the beam current of triode GDEG and its’ energetic
efficiency, and, finally, possibilities of its’ applying in the
modern electron-beam technologies. Complex
methodology of estimation of triode GDEG parameters and
characteristics was described in paper [7]. The aim of this
article is considering of energetic efficiency of triode HVGD
electrodes systems for different values of acceleration
voltages and pressure of operation gas.

Analyzed physical processes in high-voltage glow
discharge. For solving the task of analyzing the anode
plasma parameters and for finding the energy distribution

in HVGD solving of equation system for ions’ balance in the
discharge gap with taking into account the condition of
discharge self-consistency is necessary [8]. Therefore,
writing and analyzing the equation of ion balance in the
anode plasma in the first step of simulation is needed. It is
well-known fact from HVGD theory, that anode plasma
formed as a result of gas ionization by the several groups
of electrons, including fast beam electrons and slow
electrons, reflected from the anode [12]. In triode
electrodes systems gas ionization in additional, non-self-
maintaining discharge, also must be taking into account
[10]. Among another discharge processes interaction of
particles fluxes with themselves and with the electrodes
surfaces are also very important and must be analysed [8,
10]. Anode plasma in the physical models of HVGD
electrodes systems is usually considered as the source of
ions and as transparent to electrons moving electrode with
the fixed potential [1, 8, 10]. Among the fluxes interaction
processes, the gas ionising by fast and slow electrons and
the resonance recharging of accelerated ions’ on the
molecules of residual gas are very important [1, 7]. Among
the processes, taking place at the electrodes surfaces,
grate role play the emission of electrons from the cathode
surface as a result of its’ bombarding by the accelerated
ions. Although emission of slow electrons from the anode
surface as a results of its radiation by the flux of fast
electrons must be also taking into account [1, 7-12].

Structure of investigated HVGD electrodes systems
and its parameters. Therefore analyzing of necessary
physical processes is very complex, for simplifying the
theoretical estimations one-dimensional auxiliary triode
HVGD system is considered [7, 9-12]. This is a system
with plane cathode, cylindrical anode and with the ring-lake
additional electrode for lighting of low-voltage, non-self-
maintained discharge. As must be pointed out, that
different geometry of electrodes is also possible, but in any
case for lighting of additional discharge the condition of
hollow-cathode geometry must be fulfilled. For example,
the system with the negative cylindrical hollow additional
electrode was presented in the paper [3]. Anode plasma,
as have been pointed out, considered as the moving virtual
electrode with the fixed potential [1, 7—12]. Basic structure
scheme of simulated HVGD electrodes system is
presented at Fig. 1 [7, 9-11].

= dep .
N = &
-q-l-gE
ik |
1 5{/9/8/__ /7 \6 2 43 10

+Uy

Fig. 1. Scheme of simulated HVGD triode electrodes system.
1 — cathode; 2 — HVGD anode; 3 — electrode for lighting
of additional discharge; 4 — low-voltage insulator; 5 — high-voltage
insulator; 6 — anode plasma; 7 — anode plasma boundary;
8 — electron beam; 9 —ion flux; 10 — treated item.

As have been pointed out, considered system contains
three main electrodes: HVGD cathode 1, HVGD anode 2,
which also can be considered as a cathode of additional
discharge, and ring-like electrode 3 for lighting of additional
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discharge. Negative acceleration voltage U, , which value

for real electron guns usual lead in the range from 5 kV to
40 kV, applied to the cathode. Value of positive potential

on the additional electrode U, is significantly smaller,

range of from tens to few hundreds V. Main internal
parameter of considered HVGD system is the residual

pressure in the discharge gap p,,, which, taking into

account the additional gas ionization in discharge, is
usually in range 0.1 — 10 Pa[7, 9-13]. The low-voltage
insulator 4 and high-voltage insulator 5 are established
between electrodes for providing the conditions of dielectric
strength. Anode plasma 6 is appeared as a result of gas
ionization, and plasma boundary 7 in mathematical models
is considered as ions’ source and as additional virtual
electrode with the fixed potential [1, 2, 7-12]. Electron beam
8 is formed as a result of electrons’ emission from the
surface of cathode 1, which bombarding by the ions flux 9.
Finally, beam electrons are collected on the treated item 10.
Main geometric parameters of simulated HVGD electrodes
system are also pointed out in Fig. 1. There are: longitudinal

length of discharge gap |/, its transversal diameter d,

tr

longitudinal length of anode plasma d,, distance from

as well as the cathode

cathode to plasma boundary dcp,

radius r, . All these parameters will be used later for forming

complex mathematical model of triode HVGD gap.

Basic equations of mathematical model of triode
high-voltage glow discharge gap. For finding the
currents of main and additional discharges information
about the value of ions concentration in anode plasma and
about its volume is necessary. It is clear from Fig. 1, that
plasma volume in considered system is defined by

transversal diameter of discharge gap d, and by the
longitudinal plasma length d, .

For defining of ions concentration in anode plasma and
its longitudinal length consideration of ionization and
diffusion processes in plasma volume is necessary
[10, 12]. Therefore, the main equations of forming
mathematical model are following.

1. Equation for balance of ions in anode plasma.

2. Equation for describing the discharge self-
maintaining and self-consistency.

3. Equations for describing the elementary processes of
fluxes of charged particles interactions with themselves.

4. Equations for describing the elementary processes of
fluxes of charged particles interaction with electrodes surfaces.

During forming this equations system the main
considered physical processes are follows.

1. Gas ionization by the fast beam electrons [7, 10].

2. Gas ionization by the slow electrons, reflected from
the anode surface [7, 10].

3. Gas ionization in the additional discharge [7, 9, 10].

4. Diffusion of ions from anode plasma in direction to
HVGD anode [7, 9, 10].

5. Resonance recharge of ions on the molecules of the
residual gas [7, 10-13].

6. Emission of electrons in the cathode surface, caused
by its bombarding by accelerated ions [10, 12].

All this processes have been described complexly in
the pervious section of this paper and must be included to
forming mathematical model of discharge gap. It must be
pointed out, that in pervious section only the main
energetic and geometry parameters of formed
mathematical model have been considered. Really
described beyond physical processes are very complex
and depended from many internal parameters of simulated

system, which defined by using electrodes materials and
operation gas [7, 10, 12]. All these necessary model
parameters will be considered and defined below.

For presented at Fig. 1 triode HVGD electrode system
the equation of ions balance in the discharge gap can be
written in the following form:

Zi+Zo+ Zyo = Zyy,s (1
with z, — efficiency of gas ionization by fast electrons,
z, — efficiency of gas ionization by slow electrons,
z,, — efficiency of gas ionization in the additional discharge,

z,, — efficiency of leaving the ions from anode plasma as a
result of diffusion process [7, 10, 12]. Relations for efficiency
of gas ionization z,, z,, z, and of diffusion process z,

can be written in the following form [7, 10]:

i d AU’a"
z, = M@ +N(1=F(1-0,p,0Qu0)) 17K, ). (2)
e
d N L _ey;
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m, e
KT kT,)’
4 7136417,;1,0 yad/Ud In 115 - %
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_ TN kT,

®)

Z dif

dppaOe
where j,, — density of electron current at the cathode
surface, T, — temperature of slow electrons in anode

plasma, n, and n, — coefficients of electrons reflection

from the anode by the current and by the voltage
correspondently, f — transparent coefficient for anode
plasma, Q, — cross-section of ions scattering at the residual

gas molecules, k, — coefficient of electrons’ trajectories
longitude, n, — concentration of free electrons in anode
plasma, U, — potential of gas ionization, N, — Loschmidt

constant, k — Boltzmann constant, A, a., g — empirical
constants for defined operation gas and electrodes material,
Y, — mobility of ions’ in anode plasma, Y, — secondary ion-
electron emission coefficient from anode surface [2, 5-8].

The equation, described the self-consistent conditions of
HVGD lighting, can be written in such form [7, 9, 10, 12]:

[k,
ec 2,7’7e
" e(Aur 1) ©

1~ ac

where n.— ions concentration in anode plasma, e and

m, — electron’s charge and mass correspondently.

Equations system (1-6) is full, closed and self-
maintained, and it can be solved relative to parameter dp.

With known plasma longitude size d, ion concentration n,

also can be simply defined from equations (1-6).

Defining the size of anode plasma. With taking into
account relations (2-5), equation of ions balance in anode
plasma can be written in the form:

W[Hwﬁjg(kr +eU,)x
(paOdP) A
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Equation (7) is the cubic equation relatively to parameter
d,, therefore it can be solved analytically by using famous

Cordano relations. Corresponded solution is [10]:
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where A - free path of electrons in anode plasma, R,, R,,
R,, R,, R;, p, g, u, v and y - additional variables,
C,, and D,, — coefficient of solved cubic equation, obtained
form (7), D,, — discriminate of this equation.

Equations (8) are writing for obtaining two geometry
parameters of simulated electrodes system, which are
strongly interconnected, namely: longitudinal size of anode

plasma d, and distance from cathode to plasma boundary

d,, (see Fig.1). Such approach in this case is very

important, because volume of anode plasma and ion
concentration defined by its longitudinal length, but cathode-
plasma distance also used in HVGD theory for defining
processes in the discharge gap and electron-optical
properties of elaborated electron gun [7, 8, 10, 12].

Clear, that plasma boundary position relatively to the
cathode surface d,, is depended from acceleration voltage

U

ac’

voltage of additional discharge U, and from residual

pressure in the discharge gap p,, . But also all coefficients of

proposed model depended from using electrodes materials
and operation gas, therefore defining the conditions of
HVGD lighting is necessary. In this work calculation with
using equation system (8) was provided for aluminium
cathode and cooper anode, the nitrogen was considered as
operation gas. Such conditions of HVGD lighting are often
used in industrial electron guns and they are very suitable for
many technological processes. In conformity with this
physical conditions such values of coefficients were choose:

U =18V; T,=800K; n=0.7 a =0343 qg=145%

2
n, =095  y=4.6 =099  p =1.27.10" V’L;

.S
A =38.10° @Q,=53-10"m? Considered range of
operation pressure was p,, =0.1-1Pa, range of

acceleration voltage U,,=5-30kV, and range of the
voltage of additional discharge is U, =30-100 V. At the

same time the geometrical dimensions of simulated
discharge gap was: [/=0.07m, d,=0.035m and

r,=0.025 m [10]. The results for another geometry sizes

also have been obtained and analysed [7].

Dependences of plasma boundary position from the
acceleration voltage, voltage of additional discharge and
from the residual pressure in the discharge gap are
presented in Fig. 2. These dependences are very important,
its’ allows to make necessary conclusions about the
singularity of operation of GDEG.

0.05 0.052
0.048 0.05
0.0464 43 21 0.048
g 0044 E 0.0461
5 0.042 T 0.044
T 0.04 0.0421
0.038 1AL S, 0.04 1
0036 )2 0.4 0.6 0038 50 60 70
P-0, Pa Us V
a) b)

Fig. 2. Dependences of cathode-plasma distance
from residual pressure in the discharge gap (a)
and from the voltage on additional electrode (b):
a—U.=10kV;1-Uy=30V,2-U4=50V,3-Us=80V,
4-Uy=100V;b—psp=0.5Pa; 1 — Usc=30KkV, 2— Usc = 15KV,
3—U.=5kV

First conclusion is, that cathode-plasma distance d, is

decreasing with increasing the residual pressure in
discharge gap p,, and with increasing the voltage of

additional discharge U,. These conditions are

corresponded to increasing of plasma volume, and
therefore ions’ concentration in plasma and the current of
main discharge are also increased. The current of
additional discharge is defined by concentration of charged
particles in anode plasma and by the square of surface of
plasma boundary. However, the simulation results shown,
that increasing of plasma volume takes place only to the
defined limits, and the minimum value of cathode-plasma

distance d;‘,‘j” defined by simple relation:
d;;‘” ~d, . 9)
The second conclusion is, that anode plasma position
relative to the cathode d,, is strongly depended from the

residual pressure in discharge gap p,, but the
dependence of d_, from the acceleration voltage U, is, in
contrary, very weak. Since d,, is strongly influence to the

current of formed electron beam and to the self-maintained
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electron-ion optic in HVGD [1, 8, 12], it is clear, that in
control systems, where HVGD current stabilized by
changing the potential on additional electrode, the pressure
in discharge gap also must be precisely stabilized.

With known size of anode plasma dp ions concentration,

as well as the currents of main and additional discharges
also can be defined from equations (6, 7).

Defining the currents of main and additional dis-
charges, as well as efficiency of electron gun. Since the

longitudinal length of anode plasma d, is known from the
relations (8), ions concentration of ions in plasma can be

calculated from following equation, which are obtained from
the equation of discharge self-maintained (6) [7, 9, 11]:

C,=AUZ (1+AJU:Z' )(1+ nry (1_f(1_dppaOerO))) )

C4 :3N0Qi e(kTe +eUd) C - 772”02[1+)‘11r]_c4‘

2 mne ,2 (dppaO ) A

Y

ﬂ‘FU C
C,=C,(kT,+eU,)e ¢ °, n,=—1, (10)

where C,, C,, C, and C, is the additional variables.

From equations (8) and (10) can be obtained the simple
relations for the currents of main and additional discharges.
The current of additional discharge is defined as [11]:

I, =enm, (1+ Y(r, +2d,) 2':/”, '},Z%: (11)

where m; — mass of the ions of operation gas. And the
current of HVGD is defined as [7, 9]:

L= rn (15 Au2) | T2% (KTe +els) (12)
e [ 1 1 ac 2me

With known currents of the HVGD and of additional dis-
charge from equations (11, 12) the energetic efficiency of
triode GDEG can also be estimated. In the book [12] by
analyze of energetic balance in the electrodes and in the
diode discharge gap was shown, that energetic efficiency
of diode GDEG can be defined by the following equations:

2+ ky (1+ 2k y1,) —
=1-—= = k,=1Ip,,Q, . 13
ur 2k, (1+ka) o = P20 (13)
Provided theoretical estimations and experimental

researches of energetic efficiency of diode GDEG are shown,
that the energy loses in the volume of discharge gap is very
small, and it is caused by the low value of the residual

pressure p,,. Therefore the volume loses can be neglect,

and total loses at the cathode and the anode in diodes high
voltage glow discharge electrodes’ systems are usually
nearly 10% [12]. In such conditions, with known currents of
main and additional discharges, which are defined by
equations (8, 10-12), and considering also equations (13),
energetic efficiency of triode glow discharge electron guns
can be simply defined from following relation [7]:

N 14
) (14)
Ul

ac' e

Obtained simulation results and its discussion.
Obtained theoretical dependences of triode GDEG
energetic efficiency from acceleration voltage, from the
voltage on the additional electrode and from the residual
pressure in the discharge gap are presented at the Fig. 3.

It is clear, that GDEG energetic efficiency is increased
with increasing of acceleration voltage, with increasing

the voltage on the additional electrode, and with
decreasing of operation pressure. In any case, the
energetic efficiency of triode GDEG is very high value and
lead in range 80-90%. That value is closed to
corresponded parameter for the similar diode electrodes
systems [8], therefore the energy loses in additional
discharge really is not very high, its estimation level is few
percent. It caused by the low voltage of additional
discharge and by the high efficiency of gas ionization in it.
Furthermore, reducing of pressure in the discharge gap in
triode GDEG given the advanced possibilities of its
applying in the modern electron-beam technologies, in
such technological processes, where the high level of
vacuum is necessary. For example, deposition of complex
compositions from metals and dielectrics films in the
microelectronic and nanoelectronic production is possible.

86 f—t——t—t—r—> ————t—
10 20 30 40 10 15 20 25
Uac: kV Uacy kv
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Fig. 3. Dependences of GDEG
efficiency from acceleration voltage, voltage
on additional electrode (a) and residual pressure (b):
a—-po=05Pa;1-U,=80V,2-Uy=70V,
3-Us=60V, 4-U;=50V,5-Uy=40V,6-Us=30V,
b—-Us=50V;1—pn=0.2Pa,2—py=0.4Pa,3—p,=0.5Pa,
4—-pp=06Pa,5-p,p=08Pa,6—-pyp=1Pa

Since the plasma size and the current of formed
electron beam are strongly depended from the residual
pressure in the discharge gap, with realizing of electric
control and stabilization of beam power stabilization of
residual pressure is also necessary. But in any case
regulation time constant for HVGD systems with electric
control is in range of tens’ or hundreds microsecond, and
this small value of time regulation constant is very suitable
to thermal processes of modern electron-beam
technologies [2, 5, 6, 14, 15].

Provided theoretical investigations and estimations
are shown the high level of energetic efficiency of triode
GDEG. Therefore these investigations confirmed that
elaboration of industrial constructions of such guns and
its applying in modern electron-beam technological
equipment is very promising.

Conclusion. Proposed mathematical model of triode
HVGD electrodes systems based on solving of analytical
equations for defining plasma boundary position, its volume
and the concentration of ions in it. All main physical
processes are taking into account. Therefore, in spite of the
simplified one-dimensional model of discharge gap,
obtained results are very adequate. Experimental
measurements of discharge current also have been
provided, and disagreement between theoretical and
experimental data was in range 15%. Therefore proposed
model is very suitable to providing preliminary calculations
in the first step of designing of industrial guns.

In any case, numerical simulation shown, that energetic
efficiency of triode GDEG is in range 80-90% for different
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acceleration voltage, voltage on the additional electrode
and the residual pressure in the discharge gap. Therefore,
taking into account the small time constant for electrical
method of beam current control, such guns are very
promising to application in modern electron-beam
technological equipment. Creating of novel up-to-date
technologies with using high-effective and cheap triode
GDEG is also possible.
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HauioHanbHin TexHiYHMi yHiBepcuteT Ykpainu "KMI", Kuis

AHANITUYHI CNIBBIAHOLUEHHA A1 PO3PAXYHKY EHEPTETUYHOI E®EKTUBHOCTI
TPIOAHUX FA30PO3PAAHUX ENEKTPOHHUX TAPMAT

Ompumani ma npedcmassieHi y 0aHili cmammi 3anaxxHocmi eHepeemuyHoOl eghekmueHOCMI MpPIOOHUX eTEKMPOHHUX 2apMam 8UCOKOBOIMHO20 Milito4o20 po3psidy
8i0 MPUCKOPOBasIbHOI Harpyau, MUCKY 3a/uluKogoz20 2a3y y pa3psiOHOMY MPOMIKKY, ma 6i0 Harpyeu Ha KepyearbHOMy eriekmpodi. 3arporioHogaHa MamemMamu4dHa
Moderib 3¢hopMo8aHa WITISIXOM aHaslimu4HO20 Po38’sA3ysaHHsl aneebpaudHix pieHsHHb, OMPUMAaHUX sIK pe3yribmam aHarnisy pigHsHHs 6anaHcy ioHie @ aHOOHIU niasmi ma
PigHSIHHS caMOy3200)KeHHS po3psidy. OmpumaHi pesyrnbmamu rokasasnu, Wo eHepeemuyHa egheKmueHIiCmb MPIOOHUX 2a30PO3PSIOHUX EITeKMPOHHUX 2apmMam JeXUMmb
diarasoHi 80-90%, momy maki 2apmamu MOXymb YCrIiLHO 8UKOPUCITIOBY8aMUCS Y Cy4acHUX eSIeKIMPOHHO-NPOMEHE8UX MEXHOSIO2IsX.

Knro4osi crnioea: enekmpoHHa 2apmama, ereKmpoHHO-POMEHE8I MEeXHOs0gil, BUCOKO80IbMHILU muitoyuli po3psid, aHoOHa nna3ma.
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HaumoHanbHbIN TexHMYeckui yHuBepcuTeT YkpauHbl "KIMU", Kues

AHANTUTUYECKUE COOTHOLUEHUA AN PACYETA SHEPFETUMECKOWN 2O ®EKTUBHOCTH
TPUOAHDBIX TA3OPA3PAAHUX JIEKTPOHHbIX MYLUEK

lMonyyeHb! u npedcmaesneHbl 8 OaHHOU CmMambe 3a8UCUMOCTU SHepeemuyeckol 3¢hehgheKmusHOCMU MPUOOHbIX 3MIEKMPOHHBIX MyWeK 8bICOKOBOITbMHO20
mreowe2o pa3psida om yCKOPSIOWE20 HarpspKeHUs, 0CMamoyHo20 OaerieHUsi 8 PaspsiOHOM MPOMEXYMKe U OM HarpspKeHUsl Ha yrpasnsioueM rekmpooe.
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ypaeHeHusi banaHca UOHO8 8 aHOOHOU Mniasme U ypasHEeHUs CaMoCoe1aco8aHOCMU 20peHUst paspsioa. onyyeHHble pesyrbmambl MoKa3arnu, Ymo sHepeemuyeckasi
aghgheKmusHOCMb MPUOOHBIX 2a30Pa3psiOHbIX 3NEKMPOHHBIX MyweK fexum 6 duanasoHe 80-90%, noamomy makue MywKu Mo2ym yCriewHO UCob308ambCs 8
COBPEMEHHbIX SMTEKMPOHHO-ITYHE8bIX MEXHOIO2USIX.

Knrouesble crioea: aneKmpoHHast Mywika, erreKmpOoHHO-ITyHesble MeXHOIo2UU, 8bICOKOBOSbMHbIL mietowuli paspsid, aHoOHasi nna3ma.
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MAIN PROBLEMS OF ANTICANCER DRUGS’ MODIFICATION

Limit capabilities and low efficiency in the treatment of locally advanced and disseminated forms of cancer shows that anticancer drugs
are need to be modified. This modification needs solving some special tasks. So there was created the program of their realization. There
are main tasks and results, shared at this moment, shown in this article.

Keywords: cancer, oncodrugs, modification, radiation, bubstones.

The experience of anticancer chemotherapy has shown
limit capabilities and low efficiency in the treatment of locally
advanced and disseminated forms of cancer. One of the

most actual problem of modern pharmacology and oncology
practice is an identification of new biologically active
materials, studding of their physical-chemical and
© Zabolotnyy M., Dovbeshko G., Solyanyk G., Kondratskyy Y.,
Estrela—Lyopis V., Kulysh M., Dmytrenko O., Busko T., Poluyan N., 2014
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therapeutic properties and creation of effective and low-toxic
anticancer drugs [1, 2, 3]. Establishing of the relationship
between the physical and medical - biological properties of
anticancer drugs is important. The modification of the
anticancer agents pharmacological properties direct to
increasing of an efficiency and reduction of toxicity.

There is a basic tendency to individualization of cancer
treatment since human body is unique.

Modern domestic practical oncology [1, 2, 3] makes it
possible to determine the molecular profile of the tumor
cells of each patient. As a result the individual and
antitumor therapy must to be treated. And it is in
contravention of medical standards.

According to current medical standards medical
treatment of cancer patients provids by specific cycles of
chemotherapy. It is extremely toxic and not all patients
need of written standard treatment. It is know that
individual sensitivity to therapeutic agents varying in
10—40 times [3], which requires consideration of this
factor in determining of the optimal treatment scenario. A
formation of drug resistance is another extremely serious
problem for treatment.

Almost 80% of patients were sensitive to the intensive
anticancer chemotherapy 40 years ago. Nowadays 40% of
primary cancer patients are sensitive to chemotherapy and
they lost one after 3—4 courses. Therefore, the creation and
modification of new anticancer drugs is one of the most
relevant in the modern oncology.

The absence of selectivity of drugs activity and their
general toxicity stipulate to improve the efficiency,
selectivity and safety. Also the modern methods of
radiation medicine and nanophysics can involve the
synergetic mechanisms of oncodrugs anticancer action. In
most cases, for creation such nanocomposites components
with properties of which are known in pharmacocorrection
or in direct cytostatic action have used. Onrush
development of molecular biology and chemistry provides
rapid utilization of de novo synthesized drugs. Plants still
are traditional and rich sources of pharmacologically active
substances. Thus, almost half of modern drugs was
derived from plant extract [4, 5].

Several plant-derived compounds have been approved as
anticancer drugs: vinblastine, vincristine, etoposide,
teniposide, taxol, taxotere, topotecan and irinotecan, just to
name a few. The main bioactive agents of plants used in
medicine for the treatment of malignant tumors are alkaloids.

The last exhibits pronounced cytostatic effect at the
tumor cells. The crucial issue is the selection of the optimal
nanostructured modifier [1-5]. Modification of the medical
drug molecules by surface-active nanoparticles has a great
theoretical and practical importance. It allows receiving
active drugs with fixed size molecules and achieving
biocompatibility with the human organism cells [2]. The
selection of the modifying nanoimpurities essentially
depends on the reason of the drug therapeutic action
improvement. This can occur due to 1) the transfer of drug
molecules in conformational state with increased activity,
2) the complex formation of the molecule drugs and
molecule (nanoparticle) of modifying substances, 3)
increasing sensitivity of patient injured points to drugs
under modifying agents. In the last case the binary drugs
with targeted action are created. The first two ways are the
most relevant at this stage because their implementation is
possible without detailed information about the specific
biological mechanisms of drugs action.

In above cases, the lifetime of molecule drugs in newly
formed states needs exceed the time of their therapeutic
action. The following factors at choosing of modifying
nanoparticles should be taken into account [2, 6]. The
properties of nanoparticles depend on their size (size
effect). For nanoparticles the percentage of surface atoms

increases as the particle size decreases and it leads to
variation of chemical, physical, chemical, biological,
pharmacological properties. The nanoparticles properties
are determined by their surface tension and energy. These
characteristics influence on another thermodynamic
nanoparticles parameters. In nanoparticles can realize
phases that do not exist in macroparticles. As the particle
size decreases the specific surface energy increases.

One of the factors, which cause the modification of the
nanoparticles thermodynamic properties are the boundaries
change of the phonon frequency distribution function.

This leads to increase of the nanoparticles specific heat
could be 10-15 times higher than for macro dimensional
ones. The optical properties (frequency dependence of the
absorption and reflection) of nanoparticles are significantly
different. The propagation of light is likely to have the band
character. Another important feature of nanoparticles is a
strong dependence of their characteristics on the medium
parameters. This property is cause by the relative number
of surface atoms in nanoparticles. An alternative possibility
to use doping medicines (or solutions) by nanoparticles is
the use of high-energy radiation. The last one transfer
molecule drugs in the metastable state, following which its
conversion to a state of increased medical capacity [7].
Thereby, the modification of anticancer drugs needs
solving the following tasks.

1. The creation of physical — health picture of
oncodrugs, the studying of connection between the
physical and pharmacological properties of drugs,
development of methods of physical identification for their
therapeutic suitableness.

2. Examination of mechanisms of radiation and impurity
modification of electronic, optical and therapeutic
properties of biomolecules, nanostructures and their
composites for drugs creation with low toxicity and high
efficiency with respect to resistant tumors.

3. Determination of ways formation, properties and
patterns of relationship of radiation defects (including
bubblestones [6]) long life clusterization in biologically
compatible liquid media.

4. Investigation of the double charged electrical layers
formation surrounded by radiation-induced defects in liquid
media with the specified structure of electric charge
distribution.

5. The influence determination of electric surrounding of
nanoparticles on their thermodynamic properties and
stability nanocomposites conditions for their participation.

6. The ways identification of reconstruction structuring
conformational state of the molecule oncology medicines
under the influence of radiation induced defects in solvent.

7. Preparation of templates based on ordered
nanostructures to enhance the efficiency and sensitization
of oncology medicines.

The program realization was started within the range of
budget subject at the Physics of functional materials
department of Physics faculty of Kiev National Taras
Shevchenko University at collaboration with R.E Kavetsky
Institute of Experimental Pathology, Oncology and
Radiology, Physics, F. D. Ovcharenko Institute of Biocolloidal
Chemistry of National Academy of Science of Ukraine and
National Cancer Institute at 2012. The main results are:

1. The calculus of approximations for range control
conformational changes of polymer organic and
biomolecules by using radiation and impurity modification
were developed.

2. Methods of given conformational state realization of
photosensitive organic biomolecules were created.

3. Physical mechanisms of the impurities effect of
carbon nanostructures on pharmacological and biophysical
properties of oncodrugs in order to develop methods for the
modification of their medical properties were investigated.
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4. The enhancement of the therapeutic effect of certain
drugs at doping alkaloid in the presence of water-soluble
fullerenes was registered.

5. The methods of template modification of physical-
chemical and medical-biological parameters were proposed.

6. The influence of surface electric charge on the
surface tension of some polymeric liquids was determined.
The conditions of surface instability were established.

7. Based on the case study the perspective using of
polysaccharides, doxorubicin alkaloids and some
compounds of stilbene series for the creation of an
effective anticancer drugs was proven.

These results show potential implementation of the
above program.
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PASSIVE FERRITE RESONATOR-BASED MILLIMETER WAVE BAND COMPONENTS

The review of magnetodynamic resonances in ferrite resonators and their mm-wave band applications was given. Ferrite resonator
eigenexcitations classification has been presented. The analytical theory for modes resonant frequencies calculations is stated and a
number of prototype electronically tunable mm-wave devices, utilizing the "above" and "below FMR" magnetodynamic resonances,
including isolator, phase shifter, band-pass and band-stop filters have been demonstrated.

Keywords: magnetodynamic modes; mm-wave devices; barium hexaferrite; nickel ferite; yttrium-iron garnet.

Introduction. The mm-wave band of the electro-
magnetic spectrum is of particular importance for
applications related to security systems, radars, radio
astronomy, and satellite communication [14]. There is a
need for device components such as isolators and phase
shifters, and others for signal-processing devices working at
these frequencies. Such low-loss components can be
constructed using ferrites. Since ferrites are magnetic
dielectrics, eigenoscillations of ferrite resonators, in general
case, belong to magnetodynamic type. Magnetic nature of
ferrites influences such oscillations most prominently in
resonance region near ferromagnetic resonance (FMR)
frequency, where dipole-exchange spin oscillations and
waves can exist. Most known oscillations of such kind are
the Walker modes. Their main peculiarities are wide-range

magnetic field tuning of frequency and fast spatial variations
of rf-fields, which, in turn, makes retardation effects
insignificant and allows miniaturizing resonator dimensions,
which can be important for low-power microwave
microelectronics. Theoretical analysis of Walker modes, at
frequencies well below that of ferrite resonator main
electromagnetic mode (assuming resonator is nhonmagnetic

dielectric), can be done in magnetostatic approximation.
Meanwhile, in such wide spread ferrite devices like
circulators and isolators, ferrite resonator operates at
frequencies far from FMR and its magnetic properties
influence magnetodynamic modes [1, 3] due to, basically,
Faraday effect. Such resonators have much larger
dimensions, although can operate at higher power. A lot of
research on ferrites resonators, mostly fabricated from
© Zavislyak I., Popov M., Movchan M., 2014
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garnets and spinels, in the L— to Ka-bands has been woo—ip, 0

performed [11, 2]. . e 0 ]
Some important properties of widely used ferrite H=1TH, K )

materials are given in Table 1. The ferrites of choice for 0 0 u,

mm-wave FMR devices is M-type hexagonal ferrites which where 1; = 1, pa = y4nMolw for gamets and spinels and

are characterized by a large uniaxial magneto-crystalline o 4 Y Py

anisotropy field and FMR at 50 GHz or more with zero n=1-7 o (v4n 0), _ _o(r4nM) in the case of

external magnetic field [6]. o’ —(vH, )2 T e —(yH, )2

Table 1
Magnetic properties of some common ferrite

Magnetic parameters

Material Minimum FMR

4mMy, Gs | AH, Oe | H,, Oe frequency, GHz
Y3Fes01, 1800 =1 50 =1
Nix Zn1xFe;04 | 3500-5000 | =5 100-250 | =3
BaFe,049 4800 =20 16800 |47
SrFe 1,019 4700 =20 18700 |51

We will divide frequency region of electromagnetic
excitations in magnetized ferromagnetic media into three
regions (see Fig. 1): 1) FMR region; 2) above FMR region —
magnetodynamic resonances (MDR) with frequencies higher
the approximately y (Ha + Ho + 41mM,) (here vy is
gyromagnetic ratio, H, — uniaxial anisotropy field, Hy — bias
magnetic field, 4mM, — saturation magnetization); 3) below
resonance region, MDR with frequencies smaller than y (Ha
+ Hyo — 4mMp). From above mentioned ferrite materials, only
hexaferrites, magnetized along easy axis can be explored in
mm-wave band in all three regions, whereas spinels and
garnets can operate only in "above FMR" region.

1. Mode splitting effect in disc ferrite resonators.
Let's consider resonator as a section of an open
gyromagnetic rod waveguide with the tensor magnetic
permeability in the demagnetized state.

hexaferrites, (M — is net magnetization).

f, GH
120 - " H,=5000 Oe
100 4 0=Tt/2 Above FMR
804 ~ ' Y(Ho+H +41rM,)
] FMR
60 -
wd 7 T 7T R Ty(Ho+H,-41mM,)
20 Below FMR
1 k, cm™’
0 . . . . '
0 30 60 90 120 150

Fig. 1. Electromagnetic waves dispersion in magnetized
ferrite media (barium hexaferrite, BaM), for waves propagating
perpendicularly and parallel to the bias field direction

Expressions for electromagnetic field in such
waveguides with tensor susceptibility in the form (1) in
cylindrical coordinates are known [12]. After applying
electromagnetic boundary conditions at the rod surface, the
explicit dispersion equation (2) for guided electromagnetic
waves can be found [4].

X1‘2 h

B g, ot
ke T ke

where g, =

z

0 2
= :/— y em1_2 :HL—[Ssz‘Hﬁ], T:\/ﬁz_kz s a1:ako\/g| Om2 = ’"1’2_,_[%] ,
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1 0 1 1
0 0, 0,
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\n\=0,1,2... xoa =2[kgs(pi+pz)—(1+uzj[32ji\/[kgs(pl—pz)—@—uzj[f} +B2k§8Hz(HaJ TR
0 4 u u

In order to define the longitudinal wave number 3 we
replaced real experimental setup — sample of thickness S
lying on the metal surface of rectangular waveguide — with
simplified theoretical model, where perfect electric wall is
substituted instead of lower metal wall and far lying upper
metal wall is replaced with perfect magnetic wall, while
sidewalls are completely removed. This led to the following
discrete wave numbers B, =(2p-1)11/(2S), p=1,2...

Experimental and theoretical frequency vs. bias field
dependence for the two lowest MDR modes in before
FMR region for BaM disc-shaped resonator with radius
a=1.2 mm and S=0.36 mm is shown on Fig.2 [5].
Comparison between experimental results and theoretical
calculations in above FMR region for BaM
magnetodynamic resonator with radius a=0.62 mm and
S=0.28 mm is shown on Fig. 3 [4].

2 2
u-p
&, Ky = 04/&g1L, -

f, GHz

44

42

40

38 ]

36 1 Ho, Oe

0 1000 2000 3000 4000 5000
Fig. 2. Frequency vs. bias field dependence for the lowest
MDR modes of the BaM disk located on the metal wall
for magnetic field applied perpendicular to the disk:

theoretical calculations (solid lines) and experiment (dots)
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Fig. 3. Freuqgency vs bias field dependence for lowest MDR
in barium hexaferrite disk resonator: theory (solid lines)
and experiment (dots)

Since MDR frequencies depend on dielectric constant
and resonator dimensions, magnetic field tunable devices
utilizing MDR can operate in subteraherz band, at
frequencies much higher, than attainable for FMR devices.

2. Hexaferrite, nickel ferrite and yttrium-iron garnet
resonators utilizing HE:115 modes.

2.1. Millimeter wave waveguide isolator using
single-crystal BaM disk. Typical waveguide-based
prototype device setup is shown on Fig. 4. Disk sample
(D=1.2 mm, S=0.17 mm) was situated inside a waveguide
flange, with lateral position varied if necessary, fixed with
foam and (possibly) with polyethylene layer, that allows for
eigenfrequencies mechanical tuning and decrease losses
due to eddy currents in metal wall. Magnetic field is
perpendicular to the disk flat surface.

m
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Fig. 4. Diagram showing a disc of single crystal BaM
mounted inside a waveguide flange and sandwiched between
a dielectric polyethylene layer and a foam slab
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Fig. 5. Direct and reverse transmission characterictics
of BaM isolator

Comparison between direct and reverse losses for BaM
disk, shifted from the center of waveguide, approximately
into the point, where waveguide Hig mode have circular
polarization, is shown on Fig. 5. An isolator effect is clearly
visible; with isolation frequency is tunable with magnetic
field in over 5 GHz range.

2.2. Single-crystal yttrium-iron garnet (YIG) disk
waveguide band-stop filters. This device is based on
D=1 mm, S=0.2 mm YIG disk, positioned on the center of
flange. Its transmission characteristic, showing more than
2 GHz tunability with 100 GHz central frequency is
presented on Fig. 6 [7].

[S21], dB

i Ho=39 Oe

-20 i - - -~ Ho=1000 Oe

! : _____ H,=2000 Oe

| H,=3000 Oe

304+—~————+———+—————+——+—— f, GHz
96 98 100 102 104 106 108 110

Fig. 6. Transmission characterictics
of YIG disk band stop filter

2.3. Waveguide nickel ferrite-based tunable phase
shifter. Phase vs. bias field characteristic of mm-wave
poly-crystalline nickel ferrite oxide (NFO) disk-based
tunable phase shifter (D=1 mm, S=0.25 mm) is shown on
Fig. 7.

40 | Phase shift, deg

A

_.__,-_.—.—'_.

.

_ /-
. -

20 |
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10 |
0 = Ho, Oe
0 1000 2000 3000 4000

Fig. 7. Tunable insertion phase shift
of NFO phase shiter

2.4. Stripline nickel ferrite-based tunable band-pass
filter. A filter based on the magnetodynamic mode in NFO
was designed and characterized. The microstripline filter
shown on inset on Fig.8 was made from a 0.25 mm thick
RT Duroid 5880 substrate and had a gap in the central
strip. Power is transferred from input to output due to
excitation of magnetodynamic resonance in the NFO disk.
The scattering parameter Sz1 vs. f measured for a series of
Ho are shown in Fig. 8 [8].
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Fig. 8. Schematic diagram showing NFO dielectric resonator
bandpass filter and profiles of scattering parameter S,
for different H,
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2.5. BaM nonreciprocal phase shifter with bistability
effect. It was found, that when Hy decreases from large
values, sample stays saturated up to some critical field
H=2500 Oe [9]. But then single-domain state becomes
metastable, whereas multidomain state becomes
energetically favorable, and at some point jump-type
transition to unsaturated state is observed. This bistability
leads to noticeable phase shift Jdp of transmitted

electromagnetic wave in frequency region between
resonance frequencies, when ferrite resonator is switched
amongst a two states on the hysteresys curve (see Fig. 9).

From Fig. 9 one can see, that ¢ increase from 22° at

2700 Oe to 77° at 3700 Oe at middle frequency, but losses
at the very same frequency also monotonically increase.
Theoretical calculations, using HFSS and analytical theory
(2) for frequency determination and equivalent circuit
model for phase shift derivation, demonstrate rather
satisfactory coincidence with experimental data.

oHo =2700 Oe 0 Hy =3200 Oe A Ho =3700 Oe
f, GHz

37

34

Fig. 9. Experimental (dots) and theoretical (lines) frequency vs. field dependence of main MDR,
demonstrating high-frequency hysteresys and corresponding differential phase shift for different bias fields

2.6. BaM tunable devices in "below FMR" region.
MDR modes properties in the below-FMR region mostly
remain unexplored. Also, when operating in the below-FMR
region, the spin-wave manifold is inevitably lying above the
MDR frequency, hence 1) no spin wave modes would ever
appear inside device bandwidth for any value of bias

Phase shift, deg

o0
4 | 5"
20 | o
/ _ - Disk No 1, f=39.55 GHz
Va —O— Disk No 2, f=38.92 GHz
0 A ‘\:,‘/ Ho, Oe
0 1000 1500 2000 2500 3000

magnetic field and 2) any possible nonlinear interactions
between MDR and spin waves are also excluded.

An examples of phase shifter and isolator in the below-
FMR region [10] made from BaM disks with radius a=1.2
mm, and thicknesses S=0.36 mm (Ne1) and S=0.44 mm
(Ne2) are shown on Fig. 10.

|S21], |S12|, dB
1 J‘
10 -
20 |
-30 —o— S+l
—O0— |Sz1|
40 |
Ho, Oe
0 2000 4000 6000

Fig. 10. Tunable differential phase shift for Ne1 and Ne 2 BaM disk resonators; direct loss and isolation
of resonance isolator (resonator Ne2), operating frequency 39.9-41.2 GHz, in the "below FMR" region

3. Hexaferrite magnetostatic resonators with dual
magnetic and electric field tuning. The bilayer made
from substituted barium hexaferrite bonded to
piezoelectric lead zirconate titanate (PZT) was used for
studies on millimeter-wave electric field tunable
magnetostatic resonator. For an electric field E applied to

bilayer, the piezoelectric deformation leads to an internal
magnetic field, proportional to mechanical strain. Thus,
the condition for FMR, for Ho perpendicular to the plane is

fo = y (Ha + Ho — 4TTMo) +AE 3)
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Figure 11 shows data on the E dependence of &f
obtained for a bilayer with a ferrite thickness of 95 pm [13].

104

&f, MHz

E, kV/cm

5 10

Fig. 11. Electric field induced frequency shift 5fvs E
for BaM/PZT bilayer for H,=6020 Oe

A maximum frequency shift of 8 MHz was measured for
E=+10 kV/cm using vector network analyzer. Thus the
magnetodielectric coupling constant A=0.8 MHz cm/kV.

Conclusions. In the frequency range 30-110 GHz
tunable ferrite devices can be manufactured using any type
of considered above excitations, however at higher
frequencies, magnetic field tunable devices on the basis of
magnetodynamic resonances in ferrite resonator seems to
be the most promising option.

A number of prototype magnetic field tunable
resonance millimeter wave devices (phase shifters,
isolators and band-pass filter) utilizing magnetodielectric
resonances were presented and their principal
characteristics have been measured. With proper choice of
ferrite resonator dimensions one can vary the device
operating frequency in the below-FMR region as well as in
the above-FMR frequency domain. Moreover, maximum
operating frequency in the above-FMR region does not

3aBucnsik l., o-p is.-mar. Hayk,
MonoB M., kaHpa.. ¢i3.-maT. Hayk, MoB4aH M., acn.

depend on magnetic parameters of the ferrite and, in
theory, can easily reach THz frequencies.
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kadh. KBaHTOBOI papiodisauku, hakynbTeT paaiodismkmn, eneKTPoHikM Ta KOMIT’ IOTEPHUX CUCTEM

KuiBcbkui HauioHansHUI yHiBepcuTeT imeHi Tapaca LlleByeHka

MPUCTPOI MUIIMETPOBOIO AIAMA30HY HA OCHOBI NMACUBHUX ®EPUTOBUX PE3OHATOPIB

B o2ns0i posansaHymo mazHimoOuHaMidHi KOrueaHHs 8 ¢hepumosux pesoHamopax ma ix 3acmocyeaHHsi 8 Minivemposomy Oiara3oHi OO8XUH Xeurb. [JaHo
Knacugbikauito enacHUX KosueaHb (hepumosux pesoHamopis. 3anporioHosaHa aHanimu4Ha meopisi Oisi po3paxyHKy Pe30HaHCHUX Yacmom ma npo0eMOHCMpPo8aHO
A0 e/1eKmpUYHO NEPECMPOOBaHUX MPUCMPOI8 MiNiMempogogo diana3oHy, WO 8UKOPUCMOBYIOML MagHIMoOUHaMIYHI KOSIUBaHHS 8 3ape30HaHCHIU ma 0ope30HaHCHIU

obnacmsix, Hanpuknad eeHmurti, ghazoobepmadi, cMyaonporyckaroyi ginbmpu.

Knro4doei cnoea: maeHimoduHamiuHi Modu, npunadu minimempogozo 0ara3oHy, 2ekcaghepum bapito, Hikeneguli ghepum, 3ani3o-impiesuti epaHam.

3aBucnsk WU., a-p ¢uns.-mar. Hayk,
MonoB M., kaHA. hus.-maT. HayK,
MoBuaH H., acn.

Kad). KBAHTOBOW paanoduU3nKu, pakynbTeT PaAMOdPU3NKK, INEKTPOHNUKN U KOMMNBIOTEPHBIX CUCTEM

KvneBckui HauMoHanbHbIW YyHUBepcUTeT UMeHn Tapaca LLleB4yeHko

NMPNBOPbI MUWTIJTMUMETPOBOIO ANANA3O0HA HA OCHOBE MACCUBHbIX ®EPPUTOBbLIX PESOHATOPOB

B 0630pe paccmMompeHo mazHUMoOUHamu4eckue KorebaHusi 8 (heppumosbix pe3oHamopax U UX UCMOMb308aHUe 8 MUIuMemposom Ouana3oHe OfUH 80JTH.
HaHa knaccugpukayusi cobcmeeHHbIx KonebaHuli ¢heppumosbix pe3oHamopos. [pedrnoxeHa aHanumuyeckas meopusi Onisi pacdema Pe30HaHCHbIX 4Yacmom u
POOEMOHCMPUPOBaHO PsIO 3rIeKMPUYECKU nepecmpausaeMbix npubopos MUnIuMemposo2o duanasoHa, Komopbie UCMOsb3yom MazHUMoOUHaMuYecKue KonebaHusi
8 3ape3oHaHCHoU u dope3oHaHCHOU obriacmsix, HanpuUMep 8eHMUIIU, haszospaujamernu, rMosoconpornyckaowue huribmpsl.

Knrodesble croea: mMazHumoduHamuyeckue mModbl, Npubopbl MUMIuMempog8o2o duanasoHa, 2ekcagheppum bapusi, HUKernesbil ¢heppum, Xene3o-ummpuesbil

2paHam.
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POLARIMERTY OF GALILEAN SATELLITES OF JUPITER NEAR OPPOSITION IN 2012-2014

We present results of new polarimetric observations of Galilean satellites of Jupiter lo, Ganymede, Europe, and Callisto carried out
during 2012-2014. We used 2.6-m Shain telescope (Nauchny, Crimean Astrophysical Observatory) and 1-m RCC telescope (Simeiz,
Crimean Astrophysical Observatory) equipped with one-channel photoelectric polarimeters. The measurements were performed at
phase angles ranging from 0.03° to 3.46°. Our new observations confirmed the presence of the polarization opposition effect for high-
albedo satellites lo, Europa, and Ganymede at phase angles less than 2°. We did not detect the polarization opposition effect for

moderate-albedo satellite Callisto.
Keywords: polarization, satellite, polarization opposition effect.

Introduction. Measurements of the polarization of
scattered light as functions of the phase angle is an
important source of information about the physical
properties of the surfaces of distant atmosphereless Solar
System Bodies (asteroids, satellites, planetary rings). The
phase-angle dependence of polarization near the
opposition for different ASSBs are still in the focus of
attention because the behavior of polarization at small
phase angles is a key test for alternative models of light
scattering by regolith surfaces.

High-albedo Jovian satelltes lo, Europa, and
Ganymede are among the ASSBs exhibiting the sharp
opposition effect of brightness accompanied by the
polarization opposition effect (POE). It is a sharp peak of
negative polarization at small phase angles superimposed
on the regular negative polarization branch [0]. Its
existence was theoretically predicted by Mishchenko [0] as
manifestation of coherent backscattering as one of the
former mechanisms to explain the observed opposition
effects for high-albedo ASSBs.

Polarimetric observations of the Galilean satellites in
wide range of phase angles were started in 1960s [0]. The
polarization opposition effect for high-albedo satellites lo,
Europa, and Ganymede at phase angles less than 2° was
originally discovered by Rosenbush et al. [0]. Later it was
confirmed by Rosenbush and Kiselev [0], Kiselev et al. [0],
and Zaitsev et al [0]. But so far the available polarimetric
data are still not enough to trace because the behavior of
polarization at small phase angles in details. It is very
important to distinguish between "narrow" secondary
minimum superimposed upon the regular negative
polarization branch and "wide" asymmetric negative
polarization branch. In order to archive it we need to obtain
polarimetric data in phase angles range from 2.5° to 3.5°
which are missing.

We present results of new polarimetric observations of
the Galilean satellites at small phase angles.

Observations. Polarimetric observations of Galilean
satellites lo, Ganymede, Europa, and Callisto were carried
out carried out during 7 night on November 29 — December
18, 2012, and 2 nights on January 4-5, 2014. We used 2.6-
m Shain telescope equipped with a one-channel
photoelectric photometer-polarimeter [0] and 1-m RCC
telescope equipped with a one-channel photoelectric
photometer-polarimeter  [0] (Crimean  Astrophysical
Observatory). Both polarimeters are based on modulation
principle with a rapidly rotating retarder. Observations were
carried out in V and R spectral bands. The measurements
were performed at phase angles ranging from 0.03° to 3.46°.

All our observations have been carried out in the mode
of linear polarization measurements.

The Stokes parameters u and q were received from
observations, and then the degree of linear polarization P
and the position angle of the polarization plane 6 were
calculated, using the expressions:

P=\u*+q¢*,
tgoo =Y.
q

The random error op in degree of linear polarization P
was calculated using mean square errors of the individual
measurements of parameters g and u, which in turn are
calculated using both statistics of recorded photons and
their internal dispersion [0]. The larger of these two errors
was adopted as an accuracy measure of the mean values
of parameters of polarization P of measurements during
the night.

The errors og in the position angle measurements were
determined using the standard relation

28.65¢g
Oy=——F.
P

The instrumental polarization and the zero point of
position angles were determined each night using standard
stars with zero and large polarization [0, 0]. The errors in
polarization degree due to uncertainties in the instrumental
polarization and reductions to the standard system do not
exceed 0.05%.

In all cases, the angle between the polarization plane
and the plane perpendicular to the scattering plane ¢
according to the expression:

0, =0—(p+90°)

is close to 90°, i.e., the degree of polarization is negative,
as it generally agreed.

Discussion. Fig. 1 represents phase-angle
dependencies of linear polarization for the Galilean
satellites in the V and R spectral bands at phase angles
less than 7° according to this work (filled symbols) and
previous works (open symbols) — Rosenbush et al. [0],
Rosenbush and Kiselev [0], Kiselev et al. [0], Zaitsev et
al. [0]. Circles represents data for leading hemispheres,
and diamonds for trailing hemispheres. For Europa and
Ganymede solid lines are the regular negative branches of
polarization. For lo and Callisto solid and dashed lines are
the regular negative branches of polarization for the
leading and trailing hemispheres respectively [O].

Our new observations confirmed the presence of
asymmetric secondary minimum of polarization (the
polarization opposition effect) superimposed upon the
negative polarization branch for high-albedo satellites lo,
Europa, and Ganymede at phase angles less than 2°. The
scatter of polarization data points is mainly the result of
local inhomogeneities of the satellites surface, which is
superimposed on the global distinctions of polarimetric
properties of the leading and trailing hemispheres.

New observations fill the gap in our data in phase
angles range from 2° to 4°. As one can see, in this phase
angles range the behavior of polarization can be described
by the regular negative branch of polarization.

© Zaitsev S., Kiselev N., Rosenbush V., Velichko F., Kolesnikov N., 2014
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Fig. 1. Phase-angle dependencies of polarization
for Galilean satellites in the V and R bands at phase
angles less than 7° according to this work (filled symbols)
and previous works (open symbols) — Rosenbush et al. [0],

Rosenbush and Kiselev [0], Kiselev et al. [0], Zaitsev et al. [0].

Circles represents data for leading hemispheres,
and diamonds for trailing hemispheres

3anueB C., mon. Hayk. cniBpo6, KucenboB H., a-p. ¢is.-mar. Hayk,

For now high-albedo Galilean satellites of Jupiter are
the only outer planets satellites exhibiting secondary
minimum of negative polarization at small phase angles as
sharp peak superimposed on the regular negative
polarization branch. The high-albedo moons of Saturn,
including the bright side of lapetus, exhibit deep and very
asymmetric phase-angle curves of polarization without a
separate secondary minimum near opposition [0,0], while
they have albedo close to albedo of Europa. It seems that
these distinctions may imply different microstructures of the
upper layers of the satellites as well as different albedos
can be caused by different processes. At the same time, lo,
Europa, and Ganymede show bimodal branches of
negative polarization similar to bimodal branch of negative
polarization of high-albedo asteroid 64 Angelina [0], while
the composition of their surfaces is different.

Conclusions. New polarimetric observations of the
Galilean satellites of Jupiter in 2012-2014 are in a good
agreement with our previous observations and confirm the
presence of the polarization opposition effect for lo,
Europa, and Ganymede in the range of phase angles
smaller than 2°. Within the accuracy of the measurements
we did not detect the polarization opposition effect for
moderate-albedo satellite Callisto.
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KonecHikoB C., kaHa. ¢i3.-maT. Hayk, Hl "AcTpoHomiyHa o6cepBaTopin™ OpecbKoro HalioHanbLHOro yHisepcutety iMm. MeyHikoBa

NMOJIAPUMETPISA TANIIJIEEBUX CYNYTHUKIB FONITEPA BI/1A ONO3IUIL Y 2012-2014 POKAX

Hagodsimbcsi pesyribmamu nonspuMempuYHUX CriocmepeXeHs 2arnineesux cyrnymHukie Konimepa lo, €sponu, [aHimeda i Kanicmo, siki nposodunucsi y 2012—-2014
pp. Ha 2.6-m meneckoni im. LadHa (c. Hay4Hul, Kpumcbka acmpogbisuyHa obcepsamopisi) i 1-m meneckoni Lleticc-1000 (c. Cimei3, Kpumcbka acmpogbisudHa
obcepeamopisi) 3a OoromMo20t0 OOHOKaHasbHUX gbomomempis-ronspumempis. [ianasoH chazosux Kymie cknadae 0.03°-3.46°. Hawi Hoei criocmepexeHHs
idmeepAxyromb NPUCYMHICMb MONsSPUMEeMpPUYHO20 Oro3uuitiHo2o eghekma Orisi sucokoanbbeoHuUX cyrymHukie lo, €eponu i laHimeda Ha ¢ha308ux Kymax, MeHWUX
HiX 2°. [MpucymHocmi nonspuMempu4Ho20 ono3uyitiHo2o egpekma 015 Kanicmo He gusigreHo.

Knro4osi cnoea: ronspu3sauisi, CynymHuk, nonspumMempuyHUl ono3uyitiHut egoekm.
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NONIAPUMETPUA TAJIWNIEEBbBIX CMMYTHUKOB HOMUTEPA BEJIN3U ONMNO3ULUUN B 2012-2014 rOAAX

lNpedcmasnsomces pesynbmambl ronspuMempuyeckux HabrodeHull 2asnuneesbix crymHukos tOnumepa Mo, Eeporbi, [aHumeda u Kannucmo, komopble
nposodunucek 8 2012-2014 2. Ha 2.6-m meneckorne um. LllatiHa (n. Hay4Hbit, KpbiMckas acmpogbusudeckass obcepgsamopusi) u 1-m meneckone Lleticc-1000 (n.
Cumeus, Kpbimckasi acmpogbusuyeckasi obcepgamopusi) ¢ MOMOWbI0 0OHOKaHallbHbIX ghomomempos-ronspumempos. [uana3oH ¢hasosbix yarnoe cocmaersn 0.03° -
3.46°. [uanasoH ¢basoebix yenoe Hawu Hoeble HabrmodeHusi roomeepxdarom npucymemeue Orro3uyUoHHO20 MosspuUMempuYecko2o aghghekma Ons
8bIcoK0anbbedHbIX CriymHuKos Mo, Esporibl, u MaHumeOa Ha yenax, MeHbwux 2°. [pucymcemeusi nonsipumMempuyecko2o orrno3uytoHHoe20 aghghekma st Kannucmo He
OBHapyKeHo.

Kntodesbie crioea: nonspusayus, CrymHuK, nosspumMempuyecKuli ormnosuyuOHHbIL 3ghbghekm.
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THE INFLUENCE OF AN EXTERNAL ELECTRIC FIELD AND UNAXIAL PRESSURE
ON THE DIELECTRIC PROPERTIES OF TGS+Cu?* CRYSTALS

The results of an experimental study of the effect of uniaxial pressure and external electric field on dielectric properties of TGS crystals
doped with metallic impurities of Ccu* in the vicinity of the ferroelectric structural phase transition are presented. The obtained results are
compared with published data for undoped TGS crystals. The results of experimental measurements shows that for the TGS crystals the
uniaxial pressure o, leads to a decrease in the maximum values of the dielectric constant and reducing the phase transition temperature and
external electric fields leads to a decrease in the maximum values of the dielectric constant and increment of the phase transition temperature.

Keywords: TGS, external electric field, uniaxial pressure, metal impurities, dielectric constant, ferroelectric crystals.

Introduction. Among the ferroelectric crystals with
hydrogen bonds triglycine sulfate (NH,CH2,COOH)3-H2SO4
(TGS), despite the complexity of the chemical formula and
crystal structure, investigated the most fully. They are
ferroelectrics with second order phase transition of "order-
disorder" type. The crystal has monoclinic symmetry and
belongs to centrosymmetric class 2/m above the Curie
temperature Tc =322 K. Below Tc the mirror plane
disappears and the crystal belongs to the polar point group
2 of the monoclinic system.

The most important in understanding the mechanisms
of phase transitions in ferroelectric crystals with hydrogen
bonds is a study of their behavior under the influence of
external factors such as pressure or electric field [1]. In
particular, the external pressure is the only way to
continuously modify the geometric characteristics of
hydrogen bonds, break their equivalence etc., which makes
it possible to investigate the role of hydrogen bonding in
the mechanisms of the phase transition and dielectric
response of crystals.

Significant part of ferroelectrics with hydrogen bonds
has piezoelectric properties in the paraelectric phase.
Applying the mechanical stress provides an opportunity to
examine the piezoelectric interactions in phase
transformations and formation of the physical
characteristics of crystals [2].

To change the properties of the triglycine sulfate
crystals they are doped by metallic or organic impurities.

The aim of this paper is to study the dielectric
properties of TGS+Cu? crystals under the influence of an
external electric field and uniaxial pressure. The
concentrations of impurities for these crystals are 2%.

Experimental. The dielectric constant of the crystals
was determined by the results of experimental
measurements of the capacitance of samples and was
calculated by using the formula for a plane capacitor. The
capacitance of samples was directly measured by using an
AC bridge LCRE7-12 at a frequency of 1 MHz with a
measuring field of 1.25 V/cm.

Samples were made in the form of a parallelepiped,
oriented according to the crystallographic axes. At the

edge, which are perpendicular to the polar direction, were
applied electrical contacts with silver paste. Uniaxial
mechanical stress was created by a spring dynamometer
and was ftransferred on sample through a punch with
floating heads (fig. 1).

.
A

100
[001] [100] 1
TN
A -
Fig. 1. Method of the investigations under the influence

of uniaxial compression (1 — sample, 2 — cooper foil contacts,
3 - floating head punch, 4 — cell support)

The accuracy of registration of the uniaxial pressure
was +5%. The samples were placed in a specially
constructed thermostat which allowed to gradually adjust
the temperature of sample. The temperature was
measured by the copper-constantan thermocouple with an
accuracy of 0.1 K. To improve heat transfer and to
prevent contact with air the sample and thermocouple were
filled by silicone oil.

The device for investigating the ferroelectric crystals
under uniaxial pressure allows to perform measurements
over a wide temperature range (77+-370 K) and efforts (up
to 45kg). Uniaxial pressure was applied along the
ferroelectric axis b, which corresponds to the mechanical
stress 02 [3].

Fig. 2 shows the temperature dependences of the
dielectric constant of studied crystals under the influence of
the external electric field.

© Zelenyuk M., Susla A., Guyvan H., Slivka A., Kedyulich V., 2014
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Fig. 5 shows the phase o, T-diagrams of TGS+Cu®
1.8 1 crystals. To construct the phase diagrams the extrapolating
3 » 1-0Vicm ) - ;
1.6/ i 2 _0.29 kV/em of the inverse temperature dependence of the dielectric
1.4 /l.. 3 - 0.57 kV/em constant to zero in the paraelectric phase was performed [2].
19l i % 4-0,86kVicm
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Fig. 2 Temperature dependences of the dielectric constant
of TGS+Cu** crystals for different values
of external electric fields

Fig. 3 shows the temperature dependences of the
dielectric constant of studied crystals under the influence of
the uniaxial pressure oo.

1.8
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Fig. 3. Temperature dependences
of the dielectric constant of TGS+Cu** crystals
for different values of uniaxial pressure o,

It can be seen, that the application of mechanical stress
and external electric field decreases the maximum value of
the dielectric constant.

Fig. 4 shows the field dependences of the maximum
temperature of the dielectric constant and the values of this
maximum of TGS+Cu?" crystals.

1324.4
1324.2

1324.0

Tm, K

1323.8

1323.6

0.0 0.2 04 06 08 10 1.2 14
E, kV/icm

Fig. 4. The field dependences of the maximum temperature
of the dielectric constant and the values of this maximum
of TGS+Cu*" crystals
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Fig. 5. The phase o,,T-diagrams of TGS+Cu®" crystals

The temperature of the maximum of the dielectric
constant increases under the influence of an external
electric field whereas it — decreases under the influence of
uniaxial pressure.

It was shown that the increase in the atomic mass of
doped impurities leads to the increase in the phase
transition temperature. Thus, for TGS and TGS+Cu?
crystals it was, respectively, 321,9 K and 323,6 K.

The pressure coefficients of the shift the phase
transition temperature for Cu-doped TGS crystals is equal
to — 5.3 K/kbar. The displacement of the phase transition
temperature under the influence of uniaxial pressure along
the ferroelectric axis of doped crystals was less than for
undoped ones.

This effect can be accounted for by the existence of
internal electric fields in doped crystals, the value of which
is determined by the presence of impurities [1, 4]. The
nature of such internal fields has a relaxing character, and
the presence of such internal field, along with the changes
of the temperature maximum of dielectric constant, leads to
the blurring of ¢(T) dependencies.

Conclusions.

1. Established the reducing of displacement of the
phase transition temperature of doped TGS crystals, due to
the existence of internal electric fields, the value of which is
determined by the presence of impurities (Cu®").

2. The phase o>, T-diagrams are constructed.

3. For the TGS+Cu** crystals the uniaxial pressure o>
leads to a decrease in the maximum values of the dielectric
constant and reducing the phase transition temperature
with a coefficient of dTc/do, = — 5.3 K/kbar.

4. Increasing the atomic mass of dopants leads to an
increase in the phase transition temperature. Thus, for
TGS and TGS+Cu?' crystals it was, respectively, 321.9 K
and 323.6 K.
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BMJINB 30BHILUHbOIO EJIEKTPMYHOIO NMNOJiA TA OAHOBICHOIO TUCKY
HA AIENIEKTPMYHI BJIACTUBOCTI KPUCTANIB TGS+Cu**

HasedeHo pe3yrnbmamu ekcriepuMeHmarnsHo20 OOCTIOKEHHS 88y OOHOBICHO20 MUCKY ma 308HILHB020 €/IeKMPUYHO20 Mosisi Ha OierleKmpuYHi enacmusocmi
Kpucmarie TI'C, ne2osarux MemariqHumu domitukamu CU?", @ OKOmi CIpYKMYPHO20 Ce2HEMOoeneKmMpUYHOZ0 ¢ha308020 repexody. OmpuMaH; Py TbMamu MOPIGHIOMBCS
3 nimepamypHuMU daHumu Onsi HerlezoeaHo2o domiwkamu kpucmany TIC. Pesyrbmamu eKcriepuMeHmabHUX 8UMIDIOBaHs MoKasanu, wo ons kpucmanie TIC+Cu?*
00OHOBICHULI MUCK o rMPUBoOUMb 00 3MEHLWIEHHST MaKCUMaITbHUX 3HaqeHb OiesTeKmpUYHOI MPOHUKHOCMI ma 3MEHWEeHHs1 meMepamypu ¢ha308020 repexody, a 3068HilHE
erleKmpuyHe riore rpu3eooums 00 3MEHWEHHST MaKCUMaIIbHO20 3Ha4YeHHS die/leKmpUYHOI MPOHUKHOCTI | 3p0CMaHHs memnepamypu ¢pa308020 repexody.

Knroyvoei cnoea: TI'C, 308HiWHE enlekmpuYHe rosie, 00HOBICHULU mucK, MemarnidHi OOMiLKU, dienieKmpuYyHa MPOHUKHICMb, Ce2HEeMOEIeKMPUKU.

3eneHwk M., acn., Cycna A., Bea. UHX., lyiBaH A., kaHA. ¢u3.-maT. Hayk, gou,.,
Cnueka A., A-p ¢ms.-mart. HayK, npod., Kearonuu B., kaHa. dms.-maT. Hayk, Aou,.,
FBH3 "YxHY", ®usnyeckui akynbtet

BJINSAHUE BHELLHEI O 3JIEKTPU4ECKOIO NnoJisi U 0OAHOOCHOI O AABJIEHUS
HA AW3JIEKTPMYECKUE CBOMCTBA KPUCTAJINIOB TGS+Cu?*

lNpusedeHbl pe3yrbmame! 3KCrepUMEeHManbHO20 UcciedoeaHuUst 8rusiHUSI_ 0OHOOCHO20 0aerieHUs1 U 8HeWHe20 3/IeKmMpUYecKoz0 rossi Ha Ouaiekmpu4yecKue
ceoiicmea kpucmannos TI'C, neauposaHHbIX MemaniuyecKumu npumecsmu Cu’*, 8 OKDECTHOCMU CMPYKMYPHO20 CE2HEeMO3MNEeKMpPUYECK020 (ha308020 nepexoda.
lNonyy4eHHble pe3yrnbmamasi CPaBHUBAIMCS C IumepamypHbiMu 0aHHbIMU Or1si Hereaupos8aHHO20 rpumecsimu Kpucmarna TIC. Pe3ynbmamai sKcrnepuMeHmarbsHbIX
uamepeHull nokasanu, ymo Ons Kpucmamios TIC+Cu?* 00HoOCHOe OasrieHue o, MPUSOOUM K YMEHbUWEHUI MaKCUMAsbHBIX 3HAYeHUL OUIMEeKMPUYEcKol
MPOHULaeMocmu U yMeHbWeHUI0 memnepamypbl ¢ha308020 repexoda a HEWHee 37ieKmpuYeckoe rose rpueodum K YMEHbLWEHUK MaKCUMasibHO20 3HayeHus!
Auanexkmpuyeckol NPoHUUaeMocmu U y8erudeHuto memrepamypbl (haso8oeo nepexoda.

Kmrouesble cnoea: TIC, eHewHee 3rekmpu4eckoe rone, OOHOOCHOe OasrfieHue, Memaru4eckue puMecu, OUTIeKmpuYeckas MPOHUUaeMoCb,
Ce2HemoaeKmpuUKuU.
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LUMINESCENT PROPERTIES OF ORGANIC DYES IN POLYMERS PEPK AND PVE

Sandwich-structures for the electroluminescence investigation were produced with the method of the organic dye applying to the glass
substrate surface covered with ITO with spin-coating. Aluminium contacts were evaporated in the vacuum chamber. Samples for the
photoluminescence investigation were prodused simultaneously. The dependence of the change in position of the maxima of the
photoluminescence spectra on the dye content and the matrix polymer type were investigated. Current-voltage characteristic of the produced
structures were obtained and the dependence of integral electroluminescence intensity on the voltage on the sample was determined.

Key words: organic dye, PEPK, PVE, ITO, sandwich-structure, OLED, photoluminescence, electroluminescence, PPV.

Light emitting structures based on organic materials are
widely used all over the world. In comparing to liquid crystal
displays (LCD) OLED-displays need any external highlight,
have a large viewing angle and wide working temperature
range. OLED-technologies permit flexible displays creation.
One of the fundamental materials for organic light emitting
structure fabrication is PPV. The aim of this work is
investigation of polymers PEPK and PVE, doped with an
organic dye, as an alternative material for organic light
emitting structures fabrication.

Samples for the electroluminescence investigation were
made as a sandwich-structure (Fig.1). On the glass
substrate with ITO-layer sequentially were applied layers of
PEDOT:PSS and polymer, doped with an organic dye
using spin coating [2]. Chosen PEDOT:PSS is modified
and has optimal conductivity and capacity [3]. PEDOT:PSS
decreases ITO surface irregularity and enhance hole
injection [4].

aluminium contacts

[ orgamlc layer external circute
ITO

glass substrate

Fig. 1. Sandwich-structure

As an active layer we used polymers PEPK and PVE,
doped with the organic dye DCM (1% and 10%). Structural
formulas of the dyes DCM and Ne1 are shown on figures 2

and 3 respectively. Aluminium electrodes were deposited
through the mask on the polymer layer.

CH;

CH, CH; CHs

N

BF, CH, CH,

Fig. 2. Structural formula of the dye Ne1

Fig. 3. Structural formula of the dye DCM
© Ishchenko O., Shkavro A., Braiman O., Nechepurenko D., 2014
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Simultaneously samples for photoluminescence
investigation were created. To fabricate them the same
solutions of the polymers, doped with organic dyes, were
deposited on the glass substrate by coating.

Electrophysical and luminescent characteristics
investigation of the samples was conducted on an
automated installation, based on the aperture of the
monochromator MDR-2 [1].

Photoluminescence spectra of investigated samples with
DCM are shown on figure 4. Photoluminescence spectra
depend on polymer type and dye concentration. The
maximum intensity of photoluminescence when using 10%
doping shifts toward the long-wave region compared to the
photoluminescence maximum at 1% doping.(A = 40Hm).

1,1-
1,0-
0,9-
0,8-
0,7-

20,6-

2

505

£ 0,4-
0,3
0,2-
0,1-

—+-1% DCM in PEPK
--10% DCM, PEPK
+1% Ne1in PVE

—10% Ne1 in PVE

550 600 650 700 750 800
uv

450 500

Fig. 4. Photoluminescence spectrum of 1% and 10% DCM
in PEPK and PVE

Photoluminescence spectra of samples with the dye
Ne1 are shown on the figure 5. Photoluminescence
maxima sequence of the samples with the dye Ne1 is
similar to the photoluminescence maximum sequence of
the samples with the dye DCM. The maximum of the
photoluminescence of the sample based on PVE with 1%
organic dye concentration (A = 610 nm) is located in the
most shortwave region. Further is located the
photoluminescence maximum of the sample based on
PEPK with 1% organic dye concentration (A = 622 nm).
1 nm further is the photoluminescence maximum of the
sample based on PVE with 10% organic dye
concentration (A = 623 Hm), and the last is the
photoluminescence maximum of the sample based on
PEPK with 10% organic dye concentration. It is difficult to
determine which factor has the greater impact on the
photoluminescence maximum shift: dye content change
or matrix polymer change. The differences between
different polymers photoluminescence maximum location
with 1% and 10% dye content are 12nm and 9 nm
respectively. The differences between photoluminescence
maximum of the samples with 1% and 10% dye content
are 10 nm and 13 nm for the samples based on PEPK
and PVE respectively.

Typical current-voltage characteristic of the investigated
sandwich-structures is shown on the figure 6. Qualitatively
it is similar to based on PPV OLED'’s characteristic.

Typical sandwich-structure ITO/1%DCM in PVE/AI
electroluminescence integral intensity dependence is
shown on figure 7. Emission begins at voltages on the
sample near 3V and rapidly grows up with the increasing of
voltage. At voltages more than 10—15 V there are instability
and degradation of the structure’s characteristics.

1,0 4

——Ne1_PEPK_1

0,91
Ne1_PEPK_10

0,8
0,7-
2061
'g 0,5
£041
0,3
0,2-
0,1-

—._Ne1_PVE_10

450 500 550 600 650 700 750 800
uv

Fig. 5. Photoluminescence spectrum of 1% and 10% content
of the dye Ne1 in PEPK and PVE

0,6-

0,4

Seaan,

u v

Fig. 6. Typical current-voltage characteristic
of sandwich-structure ITO/1% DCM in PVE/AI

Intensity

Fig. 7. Typical electroluminescence intensity of DCM
in PEPK and PVE

Electroluminescence spectrum of the structure based on
PPV is shown on the figure 8. Electroluminescence spectra
of the investigated structures at voltages 15-25V are
analogous by form to electroluminescence spectra of the
structures, based on PPV, and have a greater half-width.

Conclusions. Photoluminescence spectra maximum of
the polymer 10% doped with the dye are shifted to the right
approximately per 40 nm comparing to photoluminescence
spectra maximum of the polymer 1% doped with the dye.
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This value is 10 nm for polymers doped with the dye Ne1.
Polymer PEPK doped with the dye DCM photo-
luminescence intensity maximum is shifted to the right per
10-15 nm from the analogous maximum for PVE. For

The instability of electroluminescence and electrophysical
characteristics of the samples at voltages more than
10-15V are found. Polymers, doped with organic dyes
demonstrate characteristics, which are analogous to based

on PPV structure’s characteristics and can be used as a
material for OLED'’s active layer.

polymers doped with the dye Ne1 this value is 9-12 nm.

REFERENCE:

1,0 1. Prosta realizatsiya metodu pidrahunku fotoniv dlia doslidzhennia
spectriv.  poverhnevobarjernyh  nanogeterostruktur / S.V.  Bunak,
V.V. lichenko, O.M. Okoronko, A.G. Shkavro [/ Visnyk Kyivskogo
universytetu, seria Fizyko-matematychni nauky, 2007. — Ne 4, P. 249-254.

2. Kelvin probe and ultraviolet photoemission measurements of indium
tin oxide work function: a comparison / J.S. Kim, B. Lagel, E. Moons et al. //
Synthetic Metals, 2000, Vol. 111-112, P. 311-314.

3. Structure and electronic properties of poly (3,4-ethylene-
dioxythiophene) poly(styrene sulfonate) prepared under ultrasonic
iremission / O. Yu. Posudievsky, N. V. Konoshchuk, A. G. Shkavro et al. //
Synthetic Metals, 2014, Vol. 195, P. 335-339.

4. Issledovanie vliyania rasstvoriteley sopriazhennyh polimerov na
harakteristiki ~ planarnyh  geterostructur  ITO/PEDOT:PSS/PF/AL |
ITO/PEDOT:PSS/MEH-PPV/AL / V.M. Sorokin, Yu.V. Kolomzarov,
M. A. Miniaylo et al. // Doklady BGUIR, 2011. — Ne3(57). — P. 81-86.

Submitted on 15.11.14

Intensity

0,0 . . . . . .
500 550 600 650 700 750

A ,nm

Fig. 8. Electroluminescence spectrum
of the structure based on PPV at voltage V = 30V

lweHko O., A-p. xim. Hayk, LLikaBpo A., kaHA. di3-maT. Hayk, Bpaiman O., ctya., Heyenypenko [., cTyA.,
IHCTUTYT BUCOKMX TexHonorin, KWiBCbkni HauioHanbHuM yHiBepcuTeT imeHi Tapaca LleBueHka

JIIOMIHECLIEHTHI BJIACTUBOCTI OPTAHIMHUX BAPBHUKIB Y NOJIIMEPAX PEPK I PVE

BuzomoerneHo caHO8i4-cmpykmypu Orisi AOCTIONKeHHS1 eNeKmpOOMIHECUEHUIT LWITAXOM HaHEeCEeHHS1 Op2aHiYHo20 wapy MemodoM UeHmpuUhy2y8aHHs Ha CKIISIHY
nidknadky 3 ITO ma HanuneHHs1 antoMiHIE8UX KOHMakmie i 3pasku Ons OOCiOXeHHs1 ghomortoMiHecuyeHuji. [JoCIiOXeHO 3anexHiCmb 3MiHU MOMOXeHHS MakcuMyMmie
crekmpie ghbomonromiHecueHUii 8i0 emicmy 6apeHuKa i murly Mampu4yHo20 norsiMepy. 3HSIMO 80bM-aMIIePHi XapakmepuCMUKU 8U20MOBIIEHUX caHA8I4-cCmpyKmyp ma
8CMaHOBIIEHO 3aIeXHICMb iHMe2paribHOI iHMeHCUBHOCMI e/leKmMpOoItoMIHeCUeHUii 8i0 Harpyau.

Knroyoei croea: opaanidHutli 6apeHuk, PEPK, PVE, ITO,caH0si4-cmpykmypa, OLED, ghomortoMiHecueHuisi, enekmportomiHecueruis, PPV.
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NIOMUHECLIEHTHBIE CBOMCTBA OPFAHUYECKWUX KPACUTENEN B MOJIMMEPAX PEPK U PVE

U3zomoeneHo caHA8UY-cmpyKmypbl Onsi uccriedo8aHUsI 3MEeKMPONTIOMUHECUEHUUU HaHECeHUEM Op2aHUYecKo20 Criosi MemoOdoM UeHmpugby2uposaHusi Ha
cmeknsHHyro Modknadky ¢ ITO u HanbineHUeM anoMUHUEsbIX KOHMakmos u obpasusi Onsi uccredosaHusi homomoMuHecUeHuuU. ViccriedoeaHo 3agucumocmb
U3MEHEHUST MOMI0XKeHUS MaKCUMYMO8 Ha CrieKmpax ¢homormoMUHECUEHUUU Om Konudecmea Kpacumersi U muna Mampu4yHoe2o rosumepa. CHAMo 80rbm-aMrepHbIe
XapakmepucmuKu U320mOoer1eHHbIX CIHOBUY-CIMPYKIMYP U yCMaHOB8/IEHO 3a8UCUMOCTb UHMe2pasibHOU UHMEHCUBHOCMIU 3/IEKMPOTFOMUHECUEHUUU OM HarpsiKeHUs.

Knrodesble cnoea: opsaHudeckuli kpacumernbs, PEPK, PVE, ITO, caHdsu4-cmpykmypa, OLED, ¢hbomontomuHecueHyusi, anekmpornoMuHecueHyusi, PPV.
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PL AND FTIR SPECTROSCOPY OF POWDERED SILICA AEROGEL ar-SIOx

Optical and photoluminescent properties of powdered silica aerogel ar-SiO, have been investigated using FTIR spectroscopy and PL
lifetime spectroscopy. Powdered silicagel was prepared from sodium silicate water solution using sol-gel technique. It was confirmed that
the investigated material consists of two phases: stoichiometric SiO, and non-stoichiometric SiOy. FTIR analyses reveal the presence of
numerical hydroxyle groups which determines oxidative properties of the material and makes it a promising matrix for the incorporation of
nanopatrticles. The intense PL emission was detected in blue-green region with stipulated peaks at 1.9, 2.0, 2.2 and 2.6 eV. It was shown
that emission properties of powdered silica aerogel ar-SiOy caused by the presence of numerical oxygen defect centres: oxygen hole
centers, peroxide radicals and oxygen-deficient centers as well as siloxane and silane groups. It was also obtained that under UV treating
by pulsed laser irradiation the transformation the integrated PL intensity is decreased. The PL quenching is caused by transformation of the
defect structure during photo oxidation process.

Keywords: powdered silica aerogel, defect states, FTIR transmission spectroscopy, PL lifetime spectroscopy.

Introduction. It is considered that porous oxide nanoporous materials are simple and inexpensive in

materials, possessing a large specific surface area, high
porosity and fine grain structure, can be used as a
comprehensive matrix for nanoparticles incorporation and
molecular adsorption in order to create luminescent
nanocomposites, photodetectors, catalysts, waveguides,
lasers and gas sensors [1, 5, 12, 15]. The considered

preparation, the gas sensor sensitivity can be significantly
increased due to the enlarged overall active surface area.
The fact that typical aerogels have more than 90%
porosity gives them unusual characteristics: they are
characterized by extremely high surface area, high thermal
resistivity, low dielectric constant and low refractive index.

© Karlash A., 2014
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Depending on the preparation technique the silica
aerogel demonstrates a strong visible PL in the blue—green
region [3]. Numerous studies have been devoted to the

investigation of the origin of luminescence in other SiO,

based structures [2,17]. In fact, the structural and
compositional features of the prepared silica aerogels,
amorphous silica, silica xerogels and porous silica remain
similar. In these materials, the ratio of surface atoms to
bulk atoms is quite large, resulting in several potential light-
emitting defect centres that are peculiar to the surface
states. These surface related defect sites strongly affect
the dynamics of the electronic transitions and will hence
influence the related optical and PL properties.

In our earlier work [9] it was proved that silica aerogel
has a high sensitivity with respect to liquid adsorbate and
can be effectively used as transducer for chemical
sensors. In this work optical and photoluminescence

properties of powdered silica aerogel ar —SiO, have been

investigated. The effect of UV irradiation on evolution of
PL spectra has been studied.

Experiment. Powdered silica aerogel (ar —SiO, ) was

prepared from sodium silicate water solution and a ethanol-
based catalyst [11]. The drying process was carried out in
an autoclave at supercritical parameters (T=240°C and
p=8'106 Pa) in the presence of ethanol. These conditions
are maintained for a short time with subsequent slow
pressure reduction down to athmospheric pressure. As
prepared material was then annealed at 450°C at oxygen

athmosphere. The TEM image of porous ar-SiO, is

presented on Fig.1. In our earlier work using X-ray
difraction analyses it was observed that porous aerogel

ar —SiO, is the mixture of amorphous and crystal phases

that consists of crystobalite and quartz.

FTIR measurements were carried out using Fourier
spectrometer "Perkin-Elmer Spectrum BX" in the range of
400-4000 cm™ with 4 cm™ resolution.

The samples used for PL measurements were
prepared by pressing of silica aerogel into pellets with
diameter of about 12mm and typical thickness of
0,2+0,3 mm at a pressure of 13 MPa. The temporal domain
PL spectra were measured at the room temperature using
the analogous registration scheme [4]. The samples were
excited with nitrogen laser pulses at 337 nm (3.68 eV),
repetition rate 100 Hz, pulse duration 1=8 ns and average
power 20 mW. The proper band of emission was selected
by a monochromator (MS2004, SOLAR TII) and registered
by a combination of photomultiplier (HAMAMATSU C6270)
and analog-to-digital board (up to 1 GHz sample rate). The
signal was processed and analyzed by PC.

Fig. 1. TEM image of silica aerogel

FTIR spectroscopy. Fig.2 shows FTIR transmittance
spectrum of silica aerogel ar —SiO, . There are absorption
modes of Si—O - Si bonds with maxima at 1095, 780 and
460 cm™ and a wide band in the 3000-3700 cm™" region. The
last one is due to the presence of adsorbed water and surface
OH groups ( OH stretching vibrations at 3440 cm'1) [6,14].
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Fig. 2. FTIR transmittance spectrum
of silica aerogel ar-SiOy correlated by KBr spectrum.
Characteristic absorbing modes are indicated

The nature of surface groups of silica aerogel is
strongly dependent on the conditions used during its
preparation. In the considered aerogel ar —SiO, produced
from water solution the surface is almost fully covered with
hydroxyl groups.

Water molecules in interaction with silica surface
groups effectively break Si—O-Sibonds forming a
surface hydroxyl Si—-OH groups, as a result FTIR
spectrum reveals shoulders at 3600 and 940 cm” due to
presence of bounded Si—OH groups.

A weaker Si—OH bending vibration band is revealed
at 1650cm™. The FTIR spectrum reveals also the
presence of absorption modes of more complex structural
groups such as Si—OCH, .

In Fig. 3 the result of Gaussian peak deconvolution is
presented for absorption peak of Si—O-Si stretching
vibration LO and TO groups. The peak in the region of

1300-850 cm™ has been revealed to have complex structure
with maxima at 902, 1001, 1098 and 1201 em™.

. Transmittance T, %

1300 1200 1100 1000 900
Wavenumber k, cm™
Fig. 3. The result of deconvolution

into Gaussian profiles of stretching absorption Si-O-Si band
of silica aerogel ar-SiOy
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The presence of stretching TO modes at 1098 and 1201 cm™
having a large semiwidth (110 and 96 cm™ correspondingly)
suggests that investigated material consists of stoichiometric
and non-stoichiometric phases SiO, / SiO, .

This conclusion is consistent with the data of X-ray
diffraction analyses obtained in [10]. The wavenumber of
TO absorption peak is calculated from empirical solution
v(SiO, ) =900+90x ¢cm™" [6], so in our case x value varies
from 1.1 to 2. Absorption peak at 1201 cm™ is also shifted
from 1250 cm™ for stretching LO vibrations in stoichiometric
SiO, structures.

Taking into consideration the huge surface area and a
number of surface hydroxyl groups, silica aerogel displays
acidic properties and can be used as matrix for grafting of
different molecules, e.g. for chemical sensors. In earlier
work [17] it was proved that silica aerogel ar-SiOy is
characterized by significant sensor response under
interaction with liquid adsorbates.

PL spectroscopy. The integrated PL spectrum of the
freshly prepared ar —SiO, sample is presented on Fig. 4.
Gaussian peak decomposition of the PL spectrum reveals
the presence of 4 basic peaks: Peak P1 at 1.89 eV with
semiwidth (FWHM) AE=0.11eV; Peak P2 at 2.08 eV
(AE=0.16 eV); Peak P3 at 2.23 eV (AE=0.35 eV) and Peak
P4 at 2.61 eV (AE=0.99 eV). The energy of all the maxima

is smaller than the band gap of stoichiometric SiO,

structure which is 8.2 eV. Howewer, in the case of
nonstoichiometric structure SiO, the band gap is smaller

and can reach 1.1eV for x=0. The FTIR transmittance
spectra revealed the combination of stoichiometric and

nonstoichiometric phases in ar -SiO,, so it should be
considered that the aerogel emission is associated with the
presence of a SiO, structure (1<x<2) as well as with

surface and bulk defect states in SiO, phase.

PL intensity, a.u.
800

600 -

400 -

200

2.0 25 3.0 35
Energy, eV

Fig. 4. Integrated PL spectrum
of freshly prepared ar-SiO, sample.
Result of deconvolution into Gaussian profiles is shown

The structure of material and defect states are
determined by preparation technology (temperature during
the process of gel formation, concentration of reagents, pH
level, etc.) [3,7,8]. Silica aerogels have several types of
microstructural defects that can give contribution to the
photoemission [3]. If PL excitation energy is 3.68 eV
(nitrogen laser), the contribution to the photoemission of

stoichiometric SiO, phase can produce only defects

determined by the interaction within individual SiO,
tetrahedra. These include defects with dangling bonds: 1)

non-bounded oxygen hole center (NBOHC), which is
described as follows: =Si—0O. where the dot means the
unpaired electron; 2) peroxide radicals (POR) =Si-0,
and 3) oxygen-deficient centers (ODC) which include
oxygen vacancies and divacancies and two-coordinate
silicon (ODC(II)) [16].

Oxygen hole centers are responsible for emission in
low-energy region at around 1.8-1.9 eV. (Peak P1), while
the maximum at 2.7eV (P4) is associated with the
presence of two coordinate silicon in SiO, matrix. The

emission peak at 2.08 eV arises due to the presence of
siloxane (= Si—O-Si =) and silane (= Si—-O—-H ) groups.
These groups are formed from hydroxyl Si—OH groups
connected with hydrogen bonds during the dehydration
process and due to the presence of silane ( SiH and SiH, )
in hydrogenated aerogels [3]. Peak P3 at 2.23 eV results
from radiative recombination processes in
nonstoichiometric structure SiO, [7]. There is also the
emission peak of peroxide radicals in this range.

The influence of UV irradiation on luminescence
properties of ar —SiO, . It was shown in our earlier work
[10] that emission properties of porous composite materials
based on silica aerogel essentially depend on storage
conditions and external factors such as temperature,
atmospheric humidity etc. Taking into consideration the fact
that the PL emission properties of ar —SiO, mostly caused

by the presence of oxygen bonds and oxygen centers in
dielectric matrix it's important to study the influence of UV
irradiation on PL properties material under investigation.
For this purpose we used pulse laser irradiation
(A=337 nm, p=20 mW) focused on the sample surface with
beam diameter of 3—4 mm. Fig. 5 shows the evolution of
the integrated PL spectra with increasing of irradiation time.

PL intensity, a.u.

0,07

20 24 28 32
Energy, eV

Fig. 5 The evolution of PL spectra under pulsed UV
irradiation (A=337 nm) for ar-SiO4 sample:
1 —initial sample and after 2—4 min; 3-8 min; 4—12 min;
5-25 min irradiation. Result of deconvolution
into Gaussian profiles for spectrum 5 is shown

Taking into consideration the obtained data, it can be
concluded that the interaction between oxide matrix and UV
irradiation caused the decreasing of PL integrated intensity
as well as changes of the PL spectral composition. The most
significant changes were observed for the low-energy peak
at 1.87 eV (P1), namely, after UV irradiation during 16 min
there is a complete quenching of emission peak. More
detailed analyses have been made through the procedure of
Gauss peak decomposition. Fig. 6 shows the evolution of
peak positions during the UV irradiation.
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Fig. 6 The evolution of Gauss peak positions
during UV irradiation for ar-SiO,sample

It could be clearly seen that under photo oxidation
process the peak positions are almost unchanged except
for a small shift of PL peaks at 2.1 eV (P2) and 2.2 eV (P3)
towards the high energy region. At the same time there are
essential changes in the peak intensity at 1.87 and 2.2 eV,
namely after 16 min irradiation the low-energy peak
disappears and the P3 peak area noticeably decreases.
For two another peaks (P2 and P4) essential changes
haven’t been observed.

Thus for powdered silica aerogel the evolution of PL
spectra during photo oxidation process under UV
irradiation is mainly due to the transformation of emission
peaks at 1.87 and 2.2 eV.

As mentioned above, the low-energy PL emission
caused by the presence of oxygen-hole centers. During
photo oxidation process the transformation of these
vacancies to peroxide radicals occurs according to
reaction: = Si —0++0 —»=Si - O,¢ .

It's also well known [13,16] that in amorphous silicon-
oxide matrix under laser excitation there is a structural
reorganization, namely transformation of the oxygen

vacancies type ODC(ll), such as divalent silicon Si,’, and

the neutral oxygen vacancies (NOV) into defect type E
centers according to the scheme:

=Si:+ho—>=Si"+e,

=Si"+=Si =>= Si....Si+=Si =.

Since the E centers can give a contribution to the
photoemission under excitation energies of 5.8-6.3 eV, in
our case, they are not active, which results in reducing of
the peak intensity.

Thus, we can conclude that the decreasing of the
integrated PL intensity of the powdered silica aerogel is
caused by the transformation of the defect structure during
photo oxidation process.

Kapnauw A., kaHa.. dis.-mat. Hayk,

Conclusions. In this work optical and photolumines-
cence properties of powdered silica aerogel ar —SiO, have

been investigated using FTIR and PL spectroscopy. It was
confirmed that investigated material consists of

stoichiometric SiO, and non-stoichiometric SiO, phases.

FTIR spectra revealed a presence of numerical hydroxyl
groups such as bonded Si-OH and non-bonded -OH
groups which determines oxidative properties of the
material and makes it a promising matrix for incorporation
of silicon nanoparticles.

Photoemission properties of investigated material are
mainly due to the presence of oxygen defect states in non-

stoichiometric SiO, phase as well as siloxane and silane

groups. It was shown that UV irradiation causes the
decreasing of integrated PL intensity of silica aerogel
mainly due to the transformation of its defect structure.
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kadp. enektpodpianku, hakynbTeT pagiodiankm, eneKTPOoHikM Ta KOMN’ IOTEPHUX CUCTEM

KviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleBueHka

FTIR TA ®J1 CIEKTPOCKONIA NOPOLUKONOAIBHOIO AEPOTEJTFO KPEMHE3EMY ar-SiO,

Byno docnidxeHo onmuyHi ma gbomontoMiHecueHmHi ernacmusocmi opowkonodibHo2o aepozesnto KpemHe3eMy 3 eukopucmarHsM FTIR criekmpockonii
rporyckaHHsi ma ¢homositoMiHeCUEHMHOI criekmpockonii. [TopowkonodibHull aepozesnb KpemHe3emy byrio 8u20MmoeeHo Ha OCHOB8i BOOHO20 PO34YUHY curlikamy 3
BUKOPUCMAHHAIM mexHoroail 30rb-eenb  cuHmesy. [lidmeepdxeHo, wo 0ocnidxysaHuli mamepian ckrnadaembcsi 3 080X ha3: cmexiomempuyHoi SiO, ma
HecmexiomempuyHoi SiOy.AHaniz FTIR criekmpig nporyckaHHs eusisug MpUCYMHICMb 3HaYHOI KirlbKocmi 2i0pOKCUGHUX 2pyr, WO 06YMOSIToMb OKUCHIO8ASTbHI
arnacmusocmi Mamepiarly U 8UsHa4alome repcrekmueHICMb 8UKOPUCMAaHHS aepo2erTio KpeMHe3eMy 8 SKocmi eghekmueHoi mampuui 07151 iHKopriopauji HaHOYaCMUHOK.
Bapeecmposaro iHmeHcusHy ®J1 y cuHbo-3eneHiti obriacmi cnekmpy 3 makcumymamu rpu 1.9, 2.0, 2.2 ma 2.6 eB. byno nokasaHo, wo emiciliHi enacmusocmi
ropowkonodibHo2o aepoeesnto kpemHesemy ar-SiO, 06yMOBMeHi Hasi8HICMIO 3HaYHOI Kiflbkocmi KUCHe8UX OegheKmHUX UeHmpie, maKux siKk KucHesi Oipkosi ueHmpu,
1ePOKCUOHI paduKariu ma KUcHego-0ebiyUumHi UeHmMpU, @ MakoX CUMOKCaHO8UX ma curaHosux gpyr. byno makox roka3aHo, Wo id 8rueom imMmysCHO20 /1a3epHO20
Y® onpomiHeHHs1 criocmepizacmbCsi 3MEHWEeHHS iHmeeparbHoi iHmeHcusHocmi @J1. [aciHHa @J1 obymosrneHe mpaHcghopmauieto deghekmHoi cmpykmypu Mamepiany

8 rpoyeci pOMOOKUCHEHHS.

Knro4vosi crnioea: mopowkonodibHutll aepozesnb kpemHesemy, OechekmHi cmanu, FTIR criekmpockonisi nporyckaHHs, kinemuka @J1.
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KueBcbkuit HauMoHanbHUI yHMBepcuteT umeHu Tapaca LleBuyeHko

FTIR N ®J1 CMEKTPOCKOMUSA NOPOLUKOOBPA3HOIO ASPOTE/IA KPEMHE3EMA ar-SiO

lMposedeHo uccriedogaHue OMMUYECKUX U GDOMOIIIOMUHECUEHMHbIX C80UCME MopowKoobpa3Ho2o aspozernisi KpemHesema C ucrionb3osaHueM FTIR
CreKMPOCKONUU MpOMycKkaHusi U ¢hOMOOMUHECUEHMHOU  crieKmpockornuu. [TopowkoobpasHbili aspozesb KpemHe3ema U320maenueascsi Ha OCHO8e 800HO20
pacmeopa cunukama C UCMOfb308aHUEM MeXHOMoeuU 30/b-2eflb  cuHmesa. [lodmeepxdeHo, 4Ymo uccriedyemblli Mamepuan cocmoum u3 08yx ¢has:
cmexuomempudeckoli  SiO, u Hecmexuomempuyeckol SiOy. AHanu3d FTIR cnekmpos nporyckaHusi 0B6HapyXun npucymcmeue 3Ha4yumesibHo20 Konudecmea
2UGPOKCUOHBIX 2pyrr, KOmopble obycriaenueaom OKUCIUMErIHble ceolicmea Mamepuarna U orpederisiom MecrnekmusHoOCmb €20 UCMONb3asaHusi 8 Kayecmee
Mampuubi 01151 UHKOPIIopuposaHuUsi HaHo4Yacmuy, 3apeaucmpuposaHa uHmercusHasi ®@J1 8 cuHe-3eneHol obriacmu crekmpa ¢ Makcumymamu nipu 1.9, 2.0, 2.2 u 2.6
3B. Bbiro rokasaHo, 4mo SMUCCUOHHbIE ceolicmea ropowKoobpa3Ho2o aspozens KpemHesema ar-SiOy 00YyCrioeneHsbl HamuyueM 3HaqyumesibHO20 KoudYecmesa
KUCITOPOOHBIX OEGhEKMHBIX UEHMPO8, MaKuxX Kak KUCIOPOOHble OblpOYHble UEHMpa, NEPOKCUOHble padukasbl U KUCIOPOOHO-0e(hUUUMHBbIE UEHMpbl, @ makxe
CUITOKcaHo8ble U curnaHosble 2pynnbl. bbiio makxke noka3aHo, Yymo rnod eo3delicmeueM UMITY/IbCHO20 Na3epHo2o Y@ obryyeHuss Habrmodaemcs yMeHbweHUe

uHmeeparnbHol uHmexcusHocmu ®J1. lawerue @J1 obycrioeneHHoe mpaHcghopmayueli degheKmHoU CmpyKkmypbl Mamepuara 8 npoyecce ghomoOKUCTIEHUSI.
Knroyesble criosa: nopowkoobpasHbili aspozers KpemHesema, 0echekmHbie cocmosiHusi, FTIR criekmpocKomnusi nporyckaHHUs, KuHemuka @J1.
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VISUALIZATION OF MAGNETO-ELECTRIC DISPLAYS IN FG/GGG EPITAXIAL STRUCTURES

Using the method of polarizing microscopy, under the combined effects of static and alternating electric fields and magnetic field,
studied the reaction of the domain structure (DS) epitaxial ferrite garnet (FG) films, grown on single crystal substrates of gallium-gadolinium
garnet (FG / GGG). In transmitted light visually detected a small effect of the profile changes ("smearing") of the individual local sites of the
films domain wall (DW) because of a combination of three-channel external influence.

Keywords: magneto-electric effect, electric field, magnetic field, domain wall, domain structure, polarizing microscope.

Introduction. The change of magnetization under the
influence of electric field or of electric polarization under the
influence of magnetic field are called magnetoelectric (ME)
effect. Study of the mechanism of interaction of electric and
magnetic subsystems in magneto-electric materials has
recently been the subject of many publications. This
interest is driven by a need to establish a single
fundamental theory of magneto-electric interactions in
solids, and wide application possibilities of using magneto-
electric materials in electronics.

The first explicit prediction of ME effect in a specific
material was made by Dzyaloshinskii who showed that in
Cr.03 these effects are allowed by the magnetic
symmetry [2]. Experimentally, the electrically induced ME
effect was first observed by Astrov [1] on a crystal of Cr203
and later Rado and Folen [10]. The first observation of the
ME effect in yttrium-iron-garnets (YIG) was reported by
O’Dell [9] and later, the ME effect was studied in a number
of papers [3+8, 12]. The external electric field that
connected to the crystal of certain magnetic symmetry (eg,
YIG), can cause in crystal the manifestations induced
optical phenomena, linear or nonlinear in the electric field.
One of such phenomenon is the effect of the changes of
light polarization plane Faraday rotation in an optically
transparent dielectric crystal induced by an electric field,
which the authors named as an electromagneto-optical
(EMO) effect [8]. Using a highly sensitive method of optical
polarimetry, it is possible to measure the changes of light
polarization plane rotation in an external electric field, as
well as to carry out visual observations of the domain
structure of the sample using a polarizing microscope.

Iron garnets are a large class of ferrimagnetic oxides
with high Curie temperature (T,>500K ) and have been

applied to magneto-optical devices and magnetic bubble
memories [11, 13]. The active interest in the structural,
magnetic, and magneto-optical properties of garnet films
has been related to the fact that all these properties can be
widely varied by changing the composition and orientation.
Although the parent garnet crystal structure is
characterized as the cubic centrosymmetric space group
the studies of film structure and magnetic properties have
revealed that films tend to have uniaxial or orthorhombic

symmetry. The origin of this symmetry lowering is due to
growth anisotropy and mismatch between the lattice
parameters of the films and substrates. The
crystallographic orientation of the substrate is also of
primary importance. Garnet crystals are well known to play
an important role in technological devices.

Domain structure (DS) of ferrite garnets is periodically
interspersed with small regions of antiparallel magnetization
direction, which are separated by domain walls. In DW is
changing the direction of the orientation of the spins in the
same domain to the direction in the nearby. In ferrite garnets
it is possible to visualize processes occurring in them due to
the magneto-optical Faraday effect.

In this paper, we report the results of studies ME
manifestations in epitaxial ferrite garnet films in a two-
channel and three-channel external influence. In particular,
visual observations were made for the DS of the film with
the use of magneto-optical polarization microscopy with
high optical permission based on the Faraday effect in two
experimental versions: 1) under the joint action of the
alternating electric field and constant magnetic field;
2) under the joint action of DC and AC electric field and a
constant magnetic field. Investigated epitaxial films grown
on (111) substrates of gallium-gadolinium garnets (GGG).
The domain structure of the films studied under the
polarizing microscope looks like high contrast, which
indicates about significant deviation of domain
magnetization vectors from the film plane.

Experimental. The test sample was placed between
two optically transparent electrodes. The electrodes were
deposited by spraying on the inner surfaces of the two thin
glass plates. Separately or simultaneously to the sample
plugged in the AC and DC voltage. External constant
magnetic field was oriented along the plane of the film. The
thickness of the film was about 10 ym, the width of
domains was about 14 ym at H=0, and the domain-wall
width was about 0.5 pm. The test sample we previously
several times been the iterative process of quasi-static
magnetization in the magnetic field in both directions. The
reproducibility of the overall picture domain labyrinth
structure in this case was not observed. DW motion
occurred intermittently due to the interaction with micro-

© Koronovskyy V., Vakyla Y., 2014



~ 60 ~

B 1 C H U K Kuiscbkoro HauioHanbHoro yHisepcurerty imeHi Tapaca LlleBueHka

ISSN 1728-2306

defects and for each area of the DW was of probabilistic
nature. The stripe domains are randomly bent and DW
located in different places in the film, indicating that
complete isotropy of the properties of this film in its plane.

Results and discussion. By visual observation of the
domain structure of the following was revealed. For small
values of the constant electric field (from 0 to 1.6 kV/ mm)
significant changes in the domain structure was not
observed. Domain structure remained the same as in the
initial state — a disordered maze. Connection to the sample
while still a magnetic field, oriented in the plane of the
sample, did not lead to any visually observed changes in
the domain array of the film. Connection of the third control
channel — low-frequency (950 Hz) AC electric field with
strength up to 3.5 kV/mm, did not cause changes in the DS
of the sample also. But, starting with the value 1.8 kV/mm
in the constant electric field and the fixed values of the
magnetic and alternating electric fields, DC stability was
broken. The general domains picture that observed in the
microscope has not changed. However, some small,
curved portions of domain heads (domain head is a part of
stripe domains, where DW is curved and the radius of
curvature of the head is approximately equal to half the
width of the domain) of the individual domains became
slightly visually "blurry", which can be seen when analyzing
the micro-photo. In this case, the geometric shape of the
domain did not change and the domain structure remained
through the maze, the DW displacement from their
equilibrium positions were not observed. For computer
processing exposed micro-photo where observe individual
domain head, in the same location of the investigated film,
but for different values of the constant electric field. The
results of analysing of the images where shown in Fig. 1.
On the plot (Fig. 1) we can see the estimates of the
number of the width changing (h) of the domain wall that
we obtained for "blurring" domain head in static electric
field E1 (for fixed values of the alternating electric E; and a
constant magnetic field H). As can be seen from Fig. 1,
changes in the width of the local section of the DW when
considering a three-channel external effect on the sample
is not significant (the width of the domain wall in the
absence of external fields was about 0.5 microns).

h, pm
0,75 -
0,7
0,65 H=80 Oe a
V4
0,6 - E;=2 kV/mm ’
0,55 - /‘
/M E1, KV/mm

0,5HL+—_—L" , :

0,5 1 1,5 2 25 3

Fig. 1. Estimated dependence for changing of width
of local DW site (domain head) from intensity of constant
electric field E4, at the fixed values of variable electric
(E, =2kV/mm) and constant magnetic (H =800e ) fields

Figure 2 shows the evaluation results after computer
processing of visual observations of this domain local area
in a two-channel head of external influence — an alternating
electric field E,, with frequency of 950 Hz and a constant
magnetic field H.

Spatial fields orientations was the same as in the
previous case. As can be seen from Fig. 2, the alternating

electric field as at H=0 and when H = 0 does not cause a

visually observable changing of width for investigate
domain head or offset.

h, pm
0,6

05 L——O—h.(t.:ﬁ_l_.s._l-OJ-@i

03 H=0
0,2 |
0,1
E,, kV/mm
o T T T T
0,5 1 1,5 2 25 3 3,5

Fig. 2. Results of visual supervision over changes of width
for a investigated domain head in the conditions
of two-channel external influence - variable electric field E;
(frequency of 950 Hz) and constant magnetic field H
(H=0and H=500¢)

Best of all, the response of domain head for
simultaneous connection of the electric fields (alternating
and constant) are be seen when connected still a magnetic
field, that oriented in the plane of the film (Fig. 3). Even for
small values of the magnetic field, as can be seen from
Fig. 3, viewed curved portions DW become sensitive to
external influence electrical fields.
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Fig. 3. Estimated dependence of changes of domain
head width from intensity of a constant magnetic field,

at the fixed values of variable electric (E, = 3.2kV/mm)

and constant electric (E, = 2kV/mm) fields

Feature of the observed local "smearing" of DS is the
fact that it was shown only on shorter (curved, irregular
shape) regions of the labyrinthine DS - domain heads. Direct
(long) segments of DS remained dimensionally stable and
their reaction to considering complex external action is not
sufficient for direct visual observation. Possible reason for
these differences in the response may be some differences
in the micro-magnetic structure of the DW in these areas. In
the labyrinthine domain in the absence of external fields, in
addition to long sections of the DW with the structure of the
Bloch type, there are shorter sections with Neel structure. In
general, as is known, the DW of magneto-uniaxial films is
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non-planar interface between adjacent domains. DW is a
three-dimensional structured element of finite extent of the
domain of the array with a nonuniform distribution of the
magnetization vector in them as in thickness, and developed
the film plane. The structure of the DW uniaxial films, such a
study, is referred to as the twisted type, i.e. is neither Bloch
nor Neel. In our experiments, the external magnetic field is
applied in the film plane perpendicular to the easy axis (EA)
and the DW motion in a magnetic field when it is not.
Probably, in the magnetic field changes occur in the
structure of the twisted DW and change the ratio in the initial
balance between Bloch and Neel components. The
magnetization of the wall with increasing magnetic field
deviates more and more from the Bloch orientation, i.e. there
is a certain structural "imbalance". At the same time,
structural changes in the domain heads led to the fact that
they were more susceptible to the influence of an external
electric field (which changes the parameters of the magnetic
anisotropy of the film), oriented parallel to the normal to the
sample surface as compared with the more direct, the length
of the labyrinth of the DW. The question about the local
response of individual sections of the DW to an external
electric field, more research is needed.

Conclusions. Thus, our results of imaging studies of
magneto-electric interaction manifestations in FG/GGG
epitaxial structures with typical maze domain structure
showed the following. A very small impact on the value of
the joint action of alternating and static electric fields on the
domain wall is shown only when the additional connection
of a static magnetic field, oriented in the plane of the
sample. Visually observed a small effect of the local
"smearing" of individual sections of the domain wall can be

KopoHoBcbkuit B., kaHa. dis.-mat. Hayk, Bakyna 0., iHx.,
kad. enekTpodisnku, pagiodisnyHuin cakynbTer,
KuiBcbkui HauioHanbHUM yHiBepcuteT iMmeHi Tapaca LlleByeHka

seen, probably, as a small distortion of the DW profile
without DW displacement as a whole.

Reference

1. Astrov D. N. The magnetoelectric effect in antiferromagnetics /
D. N. Astrov I/ Sov. Phys.-JETP., 1960. — 11. — P. 708-709.

2. Dzyaloshinskii I. E. On the magneto-electrical effects in antiferromagnets /
I. E. Dzyaloshinskii /| Sov. Phys.-JETP., 1959. — 10. — P. 33-35.

3. Fiebig M. Revival of the magnetoelectric effect / M. Fiebig // J. Phys.
D: Appl. Phys., 2005. — 3. — P. 123—-152.

4. Koronovskyy V. E. Electromagneto-optical effects on local areas of a
ferrite-garnet film / V. E. Koronovskyy, S. M. Ryabchenko, V. F. Kovalenko I/
Phys. Rev. B., 2005. — 71. — P. 172402-172406.

5. Koronovskyy V. E. Influence of an external mechanical strain on the
character of the magneto-electric effect in epitaxial films of yttrium iron
garnet / V. E. Koronovskyy I/ Phys. Stat. Sol. (a), 2006. — Vol. 203, Ne. 8. —
P.2007-2011.

6. Koronovskyy V.E. Influence of powerful laser irradiation on
electromagneto-optical dependences of yttrium iron garnets /
V. E. Koronovskyy Il J.Appl.Phys., 2009. — 106. — P. 063914—063916.

7. Koronovskyy V. E. The electromagnito-optical effect in local areas of
single magnetic domains in epitaxial films of yttrium iron garnet /
V. E. Koronovskyy, N. D. Gorchinski /| Functional Materials, 2011. — Vol.18,
Ne1. — P. 37-41.

8. Krichevtsov B. B. The electromagneto-optical effect in yttrium iron
garnets Ys;FesO1, / B. B. Krichevtsov, R. V. Pisarev, A. G. Selitskij /| JETP
Lett., 1985. —41. — P. 317-319.

9. ODell T.H. The electrodynamics of magnetoelectric media /
T. H. O’Dell — Philos. Mag., 1967.

10. Rado G. T. Anisotropy of the magnetoelectric effect in Cr,O; /
G. T. Rado, V. J. Folen I/ Phys. Rev. Lett., 1961. — 6. — P. 141-147.

11. Scott G.B. Absorption spectra of Y3Fe5012(YIG) and
Y3Ga5012:F3+ / G. B. Scott, D. E. Lacklison, J. L. Page /| Phys. Rev. B.,
1974.-10. - P. 971-974.

12. Magnetoelectric properties of Yttrium Iron Garnet / G. Velleaud,
B. Sangare, M. Mercier, G. Aubert // Solid State Commun., 1984. — Vol. 52.
- P.71-74.

13. Optical properties of epitaxial Iron gamet thin films / S.H. Wemple,
S. L. Blank, J. A. Seman, W. A. Biolsi /| Phys. Rev. B., 1974. - 9. - P. 2134-2137.

Submitted on 30.09.14

BI3YANI3ALIA ML-\FHITOEIIEKTPVI‘-IHVIX nrPoOSsBIB
Y ENITAKCIMHUX CTPYKTYPAX ®I'/TTT
Bukopucmosyrodu memod rnonsipu3sayitiHoi MIKpOCKorii, 8 ymogax 0OHOYacHO20 8r/ugy oCcMmiliHo20 i 3MIHHO20 €NeKMpUYHUX roslie i MaeHImHo20 ross,

docnidxysanack peakuisi domeHHoi cmpykmypu (JC) enimakcitiHux rnigok ¢ghepumosux epaHamie (®F), supouwieHux Ha nidknaduHkax 3 eannit-eadoniHieso2o epaHamy
(QI/TT). Y npoxidHomy ceimi, 8isyanbHO 8usierieHo Manuli eghbekm "po3mumms” rpoghiro oKpemux rokanbHUx OinsHOK domeHHUx mex (AM) nnigok 8 ymosax

KombiHogaHo20 MpbOXKaHallbHO20 erifiuey.

Knroyosi crnoea: mazHimo-enekmpuy4HUl eghekm, enekmpudHe rore, MazHimHe rone, OOMeHHI Mexi, OOMeHHa CmpyKmypa, Mosspu3auitiHuG MiKpocKor.
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BU3YAJIN3ALIMA MATHUTOSNEKTPUYECKUX NPOSAB/IEHUIA
B 3MNTAKCUAJIbHbIX CTPYKTYPAX @I /TTT

Ucnonbsyss Memod MonsipusayuoHHOU MUKDOCKONUU, 8 YCIIo8USIX COBMECMHO20 8030elicmeusi MOCMOSIHHO20 U MEPeMEeHHO20 3/IeKmpuUYeckux nonel u
MagHUMHO20 nosis, uccredoseanack peakyusi OomeHHol cmpykmypbl (LC) anumakcuasnbHbIX TIIeHOK (beppumosbix 2paHamos (®F), ebipaueHHbIX Ha
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Mpoghurisi omAesTbHbIX JIOKATbHBIX YHacmKoe GOMeHHbIX gpaHul, (A7) NeHoK 6 yeriogusix KOMEUHUPOBAHHO20 MPeXKaHasbHO20 8HEWHe20 8030elicmeust.
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EVALUATION OF DOSE DISTRIBUTION IN PENUMBRA AREA
BY USING LIDHT EMITTING STRUCTURES

A light-emitting diodes possess some essential advantages, compared to all other sources of previous generations, such as low energy
consumption, small size, high operating speed, reliability. Dosimetry of radiation field in the penumbra area must be carried out with sensor
of minimal size and maximal sensitivity. Gallium phosphide light emitting diode of less than 1mm? size. It is appropriate to use LEDs due to

their low cost and emitting ability in visible region of spectrum.
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Introduction. Modern light emitting sources are the
special types of high spectral purity illuminators useful in
wide spectral range (from infrared to ultraviolet light). The
devices possess some essential advantages, compared to
all other sources of previous generations, such as low
energy consumption, small size, high operating speed,
reliability and low cost. The scope of these devices is
constantly expanding: precision instrumentation, production
of household appliances, and also medicine.

Galllum phosphide, the wide-zone semiconductor of
A"BY group, due to simple and inexpensive technologies
allows creating p-n- transition by growing epitaxial films
and doping them chemically. The doping of material by
isoelectronic (concerning phosphorus) nitrogen impurity
causes an appearing of electron traps. A negatively charge
center attracts a free hole and form Vanye-Mott exciton of
a large radius. The level of its ground state is Ec-0,20 meV,
which makes it possible at essential excitation to observe
emitting even at room temperature (green narrow band
with hv =2.10 eV).

Simultaneous doping of GaP crystal by zinc and
oxygen forms analogous emitting center. At sufficient
doping levels of both atoms, zinc and oxygen as isovalence
impurities in  gallium and phosphorus sublattices
accordingly, are situated nearby and due to the lattice
deformation form exciton traps. Annihilation of an exciton,
bound to Zn-O pair, causes emitting in the red range of the
spectrum ( hv =1.80 Ev) [3-4].

Experiment. Emitting spectra of p-n structures of both
doping types (at room temperature) are given in figures 1-2.
From the dependence of the emitting intensity on the current
through the transition it is possible to adjust device brightness
by changing the level of injection of minority carriers.

Irradiation of GaP LEDs leads to monotonic decrease in
the intensity of luminescence due to stable at room
temperature phosphorus and gallium vacancies of
annealing activation energies of 1.5 and 2.0 eV,
respectlvely The center of annealing stage of Vp is
150 + 160° C, and Vea — 250 + 270 °C, that provides the
thermal stability of the accumulated information .

We studied diodes irradiated with 2 MeV electrons and
had shown that dose dependences of emitting brightness
at different currents had the form of monotonic curves; at
low doses (<l><1014 cm'z) they were nearly linear (Figure 3).

Discussion. It is known that forming of dose field of
complex configuration on the body of the patient is
performed with the help of system of wedges and bolus of
specific profile. Owing to the particles’ diffraction and the
source size influence the penumbra effect inevitably appears
which evokes the overexposure of the healthy tissue.

The problem of protection has become especially alert,
if critical organ is situated near irradiation zone.
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Fig. 1. Emitting spectra of green LED at different currents
through p-n —transition at room
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Fig. 2. Emitting spectra of red LED at different currents
through p-n —transition at room temperature

Radiobiological effect is known to have two stages. At
the first stage interaction of penetrating radiation with a cell
is rapid and is accompanied by visible changes. Further
morphological and functional effects can appear in a few
minutes or even a few years after exposure.

To this day the effect of small doses in humans still
remains unclear. Therefore, the problem of accurate
dosimetry is closely associated with the prediction of the
impact of long-term effects of radiation on the patient's
health in the future and also with the dose circumscription
in the critical organs.

Accurate assessment of the effects of radiation in
biological object with active repair damages and opposite
action of cumulative effect is possible only with high quality
dosimetry measurements.

In passing, it should be noted that the function of cell
survival varies exponentially with the dose, confirming the
importance of accurate determination of this parameter.
In beam radiotherapy the problem of beam’s coupling is
one of the most difficult. It is in this case an important role
of a minimal source size and its high sensitivity.

It is advisable also to mention the method of
photodynamic therapy, which is based on photochemical
reactions in the dye, previously introduced into the tumor.
The products of decomposition of the dye in the light cause
the destruction of oncology cell.

A special technique monitors the level of accumulation
in cells sensitizer, then the tumor is illuminated by the
source of a certain wavelength.

Modern LEDs unlike lasers cover almost continuously
the entire visible region of the spectrum, including infrared
and ultraviolet light, and being introduced into the tumor,
can provide the process of photochemical cytotoxic
reactions with the formation of singlet oxygen and
subsequent destruction of diseased cells.

The main purpose of our research is to offer a method and
using of gallium phosphide p-n- transition in radiation medicine
practice in order to measure the tissue-absorbed doses.

Dosimetry of radiation field in the penumbra must be
carried out by the sensor of minimal size and maximal
sensitivity. Light emitting diode of less than 1mm? size and
high penetrating radiation sensitivity provided by exciton
recombination mechanism, in our opinion, fits the best. It is
appropriative to use gallium phosphide LEDs due to their
low cost and emitting ability in visible region of spectrum.

Dose dependence of GaP LED’s emitting intensity,
carried out during |rrad|at|on by electrons with E = 2 MeV,
is linear to the 5x10™ cm?, which can be useful for the
dosimeter of especially smaII doses.

In order to build the dosimetric map one needs some
samples with similar output emitting intensity. One of
them had to be previously graded at the accelerator,
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which henceforth will be used in clinical practice.
Experience suggests that change of emitting intensity of
proposed diode owing to irradiation should be monitored
by the simple silicon photocell without stationary
spectrometry equipment.

For this purpose the lightproof camera is designed
connected to regulated source of LED’s supply and
photocell setting-up. The tissue absorbed dose is
evaluated based on the known values of the weighting
factors for its and for the beam.

In order to restore the diode emitting intensity after the
first dose one should increase the current through the diode.

An advantage of the proposed dosimetry method is the
ability to process information "on line" during target
irradiation as well as during adjustment of irradiation ouffit.

intensity, a.u.

Fig. 3. Dose dependences of emitting intensity of red LED
irradiated with 2 MeV electrons at different currents through
p-n —transition at room temperature

For example, in order to input sensor into area of the
inner cavity of the body, one can use the cable system of

Kyniw M., a-p. ¢i3.-mat. Hayk., npod., AMuTpeHko O., kaHa. i3.-maT. HayK,

the hard radiation source supply, used in brochytherapy,
while replacing the radioactive preparation by the LED.
Then during external wide field gamma-irradiation the
change of luminescence intensity of diode responds the
quanta fluence in a particular dot area of the target. In the
case the optoelectronic pair serves as the sensor, than
the dynamics of irradiation process can be recorded
electronically.

The accuracy of location of apparatus with the sensor
can be controlled by means of X-ray television.

Conclusions.  Electroluminescent  dosimeter is
particularly useful in modeling of proton irradiation or its
planning in tissue-equivalent phantom. In this method the
accuracy to determine the Bragg peak position is of the
great importance. So when several of LED sensors are
placed in the controled area, the location of the diode with
a maximum level of degradation is the localization of the
Bragg peak.

In multiple-field irradiation the proposed method can
help to combine the Bragg peaks of different beams on the
same target.

Note also that the GaP sensors allow storing
information at room temperature for a long time, as the
minimum temperature of radiation defects’ recovery in this
material is 150° C [1-2].

REFERENCE:

1. Brailovsky E.Y., Defects in GaP electron-irradiated / E.Y.
Brailovsky, |.D. Konozenko, V.P. Tartachnyk, // Fizika i tekhnika
poluprovodnikov. — 1975. — Vol. 9. — p. 769-771.

2. Brailovsky E. Y., Radiation defects in GaP under electron irradiation
with E = 50 MeV / E. Y.Brailovsky, G. N.Yeritzyan, V. P.Tartachnyk // Fizika
i tekhnika poluprovodnikov. — 1975. — Vol. 9. — p. 1805-1807.

3. Schubert E. Light-emitting diodes / E. Schubert — K., 2006.

4 "LED". The American heritage science dictionary. Houghton Mifflin
Company., 2005.

Submitted on 09.11.14

Menbhuk O., cTya., KuiBcbkuit HauioHanbHWUI yHiBepcuTeT iMeHi Tapaca LlleBueHka,

Manwun €., acn., MiHkoBcbka M., kaHA. ¢i3.-maT. Hayk,

TapTauHuk B., a-p.dis.-maT.Hayk, npod., IHCTUTYT saepHux gocnigxkeHb HAH Ykpainu,

Linanaubka B., kaHA. ¢i3.-maT. Hayk, IHCTUTYT disuyHoi ximii HAH Ykpainu

OLIIHKA [O30BOro ro3noainy
B OBJIACTI NEHYMBPU 3 BUKOPUCTAHHAM CBITNOAIOAHUX CTPYKTYP

Csimsodiodu eor1odirome AesiKUMU ICMOMHUMU niepesazamu rMopieHSIHO 3 yciMa iHwuMU udamu Axepes rnonepedHix nokosiHe. CeimnodioOHUM cmpyKmypam enacmusi
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C NCMNOJIb3OBAHMEM CBETOANOAHDBIX CTPYKTYP

Csemoduo0db! 0briadaom HEKOMOPbIMU CYUWEeCMBEHHbLIMU MPeuMyLecmeamu o CPasHEHUI co 8cemu Opyaumu 8udamu UCIMOYHUKO8 rpedbiOyuux MoKoneHud.
C8emoOUOOHbIM CMpyKMypam npuCyWu — HU3Kasi 3HEP20eMKOCMb, MUHUAMKPHOCMb, bbicmpodelicmeue, HadexHocmb. [os3umempusi paduayuoHHO20 Morsi 8
npedenax rnonymeHu OOmKHa OCYLECMesimbCsi 0amyukoM MUHUMAIIbHO20 pasMepa U MakcuMaribHOU Hy8cmeumeribHoCcmu. VMIMeHHO makum 371eMeHmoM Moxem
6bImb cmMpyKmypa pasmepom MeHee 1MMe. C Hawed modku 3peHusi Hauboree uenecoobpasHbIM s18/19€MCS UCMOMb308aHUe drumakcuarnbHbiX ¢hocghuld- 2annuesbix
p-n-repexodos, y4umbIgast Ux HU3KYH CmMouMOCMb U U3ydYeHusi 8 sudumoli obriacmu criekmpa.
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THE EVOLUTION OF POLARIZATION STATE IN LONGITUDINALLY INHOMOGENEOUS
MEDIUM WITH LINEAR BIREFRINGENCE

The Features of formation of anisotropy in longitudinally inhomogeneous media with linear birefringence were considered and studied.
Equivalent model of representation of this class of media as a series of identical action of phase plates rotated relative to each other by the
same angle was used. The method of differential Mueller matrices to describe the polarization properties of the medium was used.
Evolution of the Stokes vector on the basis of differential Mueller matrix and vector transport equation was derived. Evolution of azimuth
and angle of ellipticity in the direction of light propagation in this class of media was obtained and studied. Period of changes of polarization
ellipse parameters were determined. Comparison of the features of evolution of polarization state with relevant features in the
homogeneous media with elliptical birefringence was made. Effective value of optical activity for any state of polarization of light
propagating in the medium was found. Features of rotation of the polarization plane of privileged waves were considered.

Keywords: Mueller matrix, birefringence, azimuth, angle of ellipticity, longitudinally inhomogeneous media, polarization state.

Introduction. Development of liquid crystal technology
has led to the fact that one of the actually problems of
modern polarimetry is to study the polarization properties of
longitudinally  inhomogeneous medium with linear
birefringence. In particular, such media include twisted
nematic and cholesteric, which used in the creation of
liquid crystal displays [6, 11]. In the works [7-9] were
considered problems related to the features of eigenwaves
which propagating in such media and ortohonalization
properties of such media. Another important problem
related to study of anisotropic properties of longitudinally
inhomogeneous medium with linear birefringence are
features of the evolution of polarization state of light [4, 6].
The study of with problem associated with the fact that this
class of media against a background of linear birefringence
and due to the special structure arises effective circular
birefringence (optical activity) [5].

In view of the problems, the aim of this paper is to
investigate the features of formation anisotropy in
longitudinally inhomogeneous media with linear birefringence
and its effect on the evolution of polarization state at the light
propagating in the direction of the helical axis.

The matrix model of the medium. Nondepolarizing
longitudinal  inhomogeneous  medium  with  linear
birefringence can be equivalent representation as a
sequence of molecular planes which consist of elongated
molecules, oriented parallel to each other [3]. Each of such
molecular planes can be present as a thin phase plate with
linear birefringence [4]. Fast (slow) axis of the plate is
parallel (perpendicular) to the direction along which direct
the plane of the molecules what is considered, and lies
entirely in this plane. Considering the totally polarized light
propagating along the axis perpendicular to the molecular
plane (helical axis), we assume that the direction of this
axis coincides with the direction of the axis z of some
Cartesian rectangular coordinate system. Axes x and y
coincide with the main (fast and slow) axes of birefringence
of input molecular plane (Fig. 1).

In such media, the motion in the direction perpendicular
to the molecular planes the direction of anisotropy axis of
each molecular layer returns (twisted) compared to the

previous by some angle a, [3, 4]:

oy = 22 (1)
p

where p — a step of helical structure of medium (the

smallest distance between the planes with the same
orientation of molecules). Then the molecular orientation of
the plane in distance z from the input can be defined as:

o =0,z (2)

Anisotropic properties of one molecular layer of such
medium are described by the differential Mueller matrix [1]:

0 0 0 0
m— 0 0 0 -3, sin(20.,z) )
1o 0 0 8, cos(2a,z)

0 3,sin(2a,z) -§,cos(20,2) 0

This matrix is similar to the corresponding differential
Mueller matrix for a homogeneous medium with linear
birefringence [1]. The only difference between the matrices
is (2), i. e. the angle « is a function of the coordinates z.

><-l

v

Fig. 1. Molecular plane of longitudinally inhomogeneous
medium at a distance z from the input plane. f and
s —directions of fast and slow axes of birefringence,
which for incoming planes coincide with axes x
and y coordinate systems

The evolution of Stokes parameters. Now we will
study the evolution of the polarization state of waves
propagating in a given class of media. As the example will
choose a linearly polarized light, as it is the simplest and
yet the most common case of using in polarimetry as a tool
to study the anisotropy of the medium [12]. The Stokes
vector of light in the case of linear polarization with azimuth

of orientation of the electric field 0, is following [4]:

S, =(1 cos20,, sin20,, 0) @)

Inp

The main equations describing the evolution of the
Stokes vector (and hence the corresponding state of
polarization) is the transport equation of light through
anisotropic medium [1]:

© Lavrenko K., Kolomiets I., Savenkov S., Oberemok Ye., Klimov A., 2014
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s =mS (5)
dz

where S is a Stokes vector which describes the
polarization state of the light, m is a differential Mueller
matrix describing the anisotropic properties of medium (3).
Vector differential equation (5) can be represented as a
system of four scalar differential equations for the individual

Stokes parameters S,,S,,S,,S, . Solving this system of four

differential equations with initial conditions (4), the result
can be represented as the ratio:

Si234(2) = f(mij’S1,2,3,4(o)!z);?j =14 (6)

where S,,,,(z) — Stokes parameters of light at the output

S1,2,3,4 (O) -

Stokes parameters of light at the input layer of anisotropic
medium (initial conditions (4)), m,— elements of the

layer anisotropic medium with thicknessz,

differential Mueller matrix.

The evolution of polarization state. Solutions are
presented in the form (6) describes the evolution of the
polarization state with coordinate z in the direction of
light propagation in a medium whose anisotropy is given
a particular view of the differential matrix m. At
propagation of the light in a medium is very informative
the evolution of parameters of the polarization ellipse as a
function of z, i.e. azimuth 6, and angle of ellipticity e,

which are defined as follows [4]:

S
0, %arctg {"“t 3) }

out(2)

1 S )
e, = arctg| ——
2 Sout(Z) + Saut(ii)

Graphical interpretation of equation (7), describing the
evolution of the azimuth and angle of ellipticity of the input
polarization (4) are shown in Figure 2.

Analyzing Fig. 2 we can see that the azimuth is non-
linear and non-periodic function of the coordinate z.
Changing the azimuth at the minimum to the maximum
value corresponds to the mathematical features of
functions arctan. The angle of ellipticity changing with
coordinate z periodic and the period does not coincide with
the period of helical structure of cholesteric p and equal:

Z:27n (8)

1/40(3 + 63
in the case considered in Fig. 2 Z = 4,62 (um). Moreover,
the relation (8) can be obtained from the condition
8 =arccos(M,,) =0 [8].

6o

\

AT

‘N AN
AV

Fig. 2. Evolution of azimuth 6, and angle ellipticity e,

of light with azimuth 6, = -0,8(rad) with z coordinates

in longitudinally inhomogeneous medium with linear
birefringence and parameters: §, = 1,22 (rad/um),

o, = 0,3(rad/ pm)

The periodic changing of angle of ellipticity with
coordinate’s z can be explained by the fact that this class
of media with changing z may exhibit properties of linear,
circular or elliptical phase anisotropy. However, as is well
known [2, 10] with the change of angle of ellipticity caused
only a linear phase anisotropy. That is, the changing of the
angle of ellipticity in this case is such as in the media with
linear phase anisotropy. It should also be noted that both
parameters changed similarly as in a homogeneous
medium with elliptical birefringence in the case
commensurate with parameters of linear and circular
birefringence [10]. So it should be noted that this class of
longitudinally inhomogeneous medium characterized by
effective circular birefringence which can be determined by
applying solutions of inverse problems to the
corresponding integral Mueller matrix [1] (3):

ArcCos| 1+ 2Cos|za|’ Cosli%zﬂ} +

2
20 2 A 1
2 8’Sin[za] S’”[Ezﬁ} 20Sin[2z0]Sin[ 2A |
+

(izaJZCot[za]chrB zJZD

A JA
] ] 2 C)
40°Cot [zoc]2 —~4a/ACot [ zo| Cot [f zJA } +ACot [f z«/Z} +8°Csc [2(1]2
2 2
225JA ;
1
where A=40”+8.
and privileged waves propagating in a given class of media as =2a.7 (10)
a homogeneous optically active medium "not feeling" linear °
birefringence, and the ratio (9) is simplified to the form: where ¢°" — effective circular birefringence.
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Conclusions. It is shown that the changing of the
polarization state of the wave propagating in longitudinally
inhomogeneous medium with linear birefringence is similar
to the corresponding law, for the case of a homogeneous
medium with elliptical birefringence. The latter can be
described as the emergence of an effective circular
birefringence (optical activity) for the state of polarization of
the incident wave. In the case of privileged waves
propagation this class of media is equivalent to a
homogeneous optically active medium with the appropriate
size of the circular birefringence.
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CaBeHkoB C., A-p ¢is.-maT. Hayk, Aou., O6epeMok €., kKaHA. ¢i3.-maT. HayK, aCUCT.
KnimoB O., kaHA. i3.-MaT. HayK, HayK. cniBpo6.,

cakynbTeT paniodizukn, enekTpPoHiku i KOMM’ OTEPHUX CUCTEM

KuiBcbkuin HauioHansHUI yHiBepcuTeT imeHi Tapaca LLleByeHka

EBOJTIOLIA CTAHY I'IOHSlPl'!'BALI,Ii B N0340B>XXHbO HEOAHOPIAHOMY CEPEAAOBMLLI
3 IHINHAM ABOIMPOMEHE3AJIOMJIEHHAM

PogensiHymi ma npoaHanizosaHi ocobriugocmi ¢ghopmysaHHs aHi3omponii 8 mo3006XHbO HEOOHOPIOHOMY cepedosulli 3 MiHItIHUM A80rMPoMeHe3anomMIeHHsM. byna
3acmocosaHa eksiearieHmHa Moderb npedcmaereHHs 0aHoe20 Kracy cepedosull, MnoclidosHo 0iet0 0OHaKOBUX (hba308UX MIACMUHOK KOXHa 3 SIKUX MO8EpHyma Ha
odHakosuli Kym o eiOHOWeHHo Qo ronepedHsoi. s npedcmaerneHHs: nonspusauitiHux enacmusocmell cepedosuwja 6ys eukopucmaHull OugbepeHyitiHUl
MampuyHUti Memod Mionnepa. byrno ompumaHo esorouito 8ekmopa Cmokca Ha ocHosi AugbepeHuitiHoi Mampuyi Miornepa ma 8eKmopHO20 PIBHSIHHS MePeHoCy.
OmpumaHO ma 8UBYEHO e8I a3uMyma ma Kyma eninmu4yHOCMi 8 HarpsIMKy PO3MoBCOOKEHHs ceimna 8 0aHoMy Krnaci cepedosuwy. BusHayeHo repiod 3miHU
napamempie eninca ronapusaui. byno nposedeHo MopieHsHHS ocobrueocmell esontoyii cmaHy nonspusauii 3 eidrnosidHUMU 0cobIu8oCMSAMU 8 M103008KHBO
00OHOpiOHOMY cepedosuwi 3 eninmuyHUM OB0NMPOMeHe3arIoMIeHHIM. BudHayeHo eghekmueHe 3Ha4eHHs onmuyHoi akmugHocmi Onsi 008irbHO20 cmaHy ronspu3ayii
ceimia, Wo po3roscto0Xyemscsi 8 cepedosului. Bynu posansHymi ocobrugocmi obepmaHHsi NoWUHU nomnspu3ayii npesastoryu Xeusb.

Knro4voei cnoea: mampuusi Mronnepa, dgorpomeHe3anomneHHs, asumMym, Kym esninmu4Hocmi, no3008XHb0 HEOOHOPIOHe cepedosuLue, cmaH ronspu3sauj.

NaBpeHko K., ctya., Konomuey U., acn.,

CaBeHkoB C., A-p du3.-maT. Hayk, aou., O6epemok E., kaHa. cons.-maT. Hayk, acucr.,
KnumoB A., kaHAa. ou3.-maT. HayK, Hay4. coTp.,

cakynbTeT paamodmn3nKn, INEeKTPOHUKN | KOMNbIOTEPHbIX CUCTEM

KvneBckuin HauMoHanbHbIW YyHUBepcUTeT UMeHn Tapaca LLleBYeHko

3BOJIOLMA COCTOAHUSA NOJIAPU3ALIUK B NMPOAOJIBHO HEOAHOPO[HOI CPELE
C IMHEMHbIM ABYNYYENPE/IOMJIEHUEM

PaccmompeHo u npoaHanu3upogaHo 0cobeHHOCMU ¢hopMUPOBaHUsI aHU30mponuu 8 rMpodoslbHO HEOOHOPOOHOU cpede C IUHElHbIM ABYITyHenpeIoMIeHUeM.
Bbina npumereHa OksusaneHmHasi moders rpedcmasneHusi cped daHHO20 Kriacca nocnedosameribHbiM delticmeuem ¢ha308bIX MIacmMUHOK Kaxoasi, U3 KomopbiX
rogepHyma omHocumesbsHo npeodbidyuwel Ha 00UH U mom xe yeon. [ns npedcmasneHusi Mosspu3ayuoHHbIX ceoticme cped bbin ucrnornb3oeaH dughgpepeHyuanbHbIL
MampuyHbIl Memod Mronnepa. bbio nonydeHo asomouuto eekmopa Cmokca Ha ocHose OugbghepeHyuansbHol Mampuusl Mionnepa U 8eKmMOpPHO20 ypasHeHUst
nepeHoca. [TonyyeHo U U3y4eHo 380/TI0UUI0 a3uMyma U yena SimunmuyHoCmu 8 HarpaeeHuU pacnpocmpaHeHusi caema 8 0aHHoM kiiacce cped. OrnpederieH nepuod
U3MeHeHUs1 napamempos annurca nonspudayuu. bbimo ocyuecmeneHo cpasHeHusi ocobeHHocmell 380/MoUUU COCMOSIHUS MOMSpU3ayuu ¢ COOmMeemcmeeHHbIMU
ocobeHHoCMsAMU 8 rPodosibHO 0OHOPOOHOU cpede ¢ annunmuyeckum dsyryyernpenomneHuem. OnpedeneHo ahghekmusHoe 3Ha4eHUs ormuyeckoli akmusHocmu Orsi
MPOU3BOIILHO20 COCMOSTHUSI MOMApU3auUs ceema pacnpocmpaHsiowezocsi 8 cpede. Bbinu paccMompeHbl 0COBEHHOCMU 8paleHUsi MIocKocmu rnonsipusayuu
rpesanupytouux 80sIH.

Kmrouesble cnioea: mampuya Mronnepa, dgynydenpenomneHue, asumym, y2oi 3raunmuyHoCmu, rnpodosisHO HEOOHOPOOHbIE cpedbl, COCMOSHUS MOMIspU3auuU.
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RELATION BETWEEN THE ANISOTROPY PARAMETERS OF MULTIPLICATIVE
AND HOMOGENEOUS MODEL FOR MEDIUM WITH ELLIPTICAL BIREFRINGENCE

The features of application of multiplicative and homogeneous models were described. Relations between anisotropy parameters
describing the simultaneous (homogeneous models) and sequential (multiplicative model) effects of mechanism of anisotropy in a medium
with elliptical birefringence were found. Cases of different ratios between the values of different mechanisms of anisotropy were reviewed.

Keywords: Muller matrix model, 1-st equivalence Jones theorem, linear and circular birefringence, anisotropic media, parameters of

anisotropy, multiplicative and homogeneous models.

Introduction. Polarimetry as high precision research
instrument without destroying anisotropic media has many
applied uses today [6]. However, the development of
modern polarimetry closely connected with the peculiarities
of specific classes of studied objects [11]. Polarization
properties of the medium with one mechanism of
anisotropy are the simplest case which has been totally
studied [1]. Therefore, considerable interest is paid to the
properties of the medium in which there are several
mechanisms of anisotropy [2]. Today in matrix polarimetry
there are two main methods for modelling properties of
such media. The question about the features of the
polarization properties of such media was the study of the

o —SiO, crystal in which in the direction perpendicular to

the optical axis distributed two elliptically polarized
eigenwaves [9-10]. This indicates the presence in the
crystal anisotropy of two mechanisms: linear and circular
birefringence. These mechanisms are determined by the
anisotropy of different phase velocity of the eigenwaves
that in the first case are linear, and the second are circular.
In polarimetry for the quantitative analysis of the properties
of these mediums consider the following parameters:

8=2mn(n,—n,)z/%=35,z— phase shift between the two

linearly polarized eigenwaves, o — azimuth and circular
phase anisotropy with phase shift: ¢ =n(n,—n,)z/% = ¢,z

where ny,n,,n,n, — refractive indices of the medium for

ordinary, extraordinary, left and right circularly polarized
waves respectively, 3,,¢, — the value of the relative phase

shift per unit length in the direction of light propagation z .
Examples of such media are crystals o-SiO, and

TeO, [10]. For studying and analyzing of the polarization

properties of the medium with complex anisotropy are
prevalent matrix methods, including the method of Jones
and Mueller [1]. Within these methods, the anisotropic
properties of the medium are described by a matrix of 2x2
or 4x4, which for the above mentioned class of media is a

function of the anisotropy parameter §,¢,ca. . Mueller matrix

models for media in which there is a mechanism of
anisotropy were constructed in [4]. To analyze the media in
which there are two mechanisms of anisotropy associated
with birefringence [2] was proposed the 1-st equivalence
Jones theorem, the essence of which is that any sequence
of optical elements with linear or circular birefringence can
be represented by a set of two elements with appropriate
mechanisms of anisotropy. In fact, based on this theorem
was built multiplicative model of homogeneous anisotropic
media in which the presence in the media of linear and
circular birefringence can be represented as sequential
effect of these mechanisms of anisotropy and the order of
their following is discussed in [3, 10]. Mueller matrix under
the multiplicative model is the product of matrices Miller,

describing some of the mechanisms of anisotropy. In
particular, it was shown that the phase shift5,¢ the same

in both orders of following optical elements and orientation
o is different by the value ¢ .

In the framework of homogeneous model of
representing of anisotropic media [7], it was shown [8] that
the electrodynamics parameters J,¢,a do not coincide

with the corresponding effective parameters of
multiplicative model.

Applying the method presented in [9] obtained the
following relationship between the parameters of multiplicative

8y 0y, @y, @nd homogeneous 3, ¢y, o models:
8y (AS (201) S (2A) - 20,C (20) (C(2A) 1))
(4(p§ +8§C(ZA))S(0LM) ’

a —1arctan[z%c(2a)(c(ZA)1)+AS(2°‘)S(ZA)] (1)
! 20,5 (20)(C(z8)-1) +AC(2) S(z4) |

Sy = arctan[

2

4¢9,AS(zA) J

1
= —arct
u zarca”[ag+(ag+s¢g)c(m)

where A =./82+4¢] relative phase shift between
eigenwaves per unit length z, C(x)=cos(x),

S(x) =sin(x). From relations (1) can be noted that the
values 3,,,0,, are a function of all three parameters §,,¢,,a
of the homogeneous model and thickness z, while the
value ¢,, does not depend on the orientation of the axis of

birefringence o in the framework of homogeneous model.

This indicates that the circular birefringence even in the
multiplier is still independent of the orientation of the plane of
polarization. Let us analyze the obtain relation (1) for
different ratios between the parameters of linear and circular
birefringence. First, consider the case where the
predominant linear birefringence. In particular, this case is

realized for crystals a-SiO, and TeO,, which are
characterized by the values of unit parameters of
anisotropy: 8§, =5,14°/um, ¢, =-8,5x10"/um and
5, =86,97" /um, o¢,=3,55x107/um for A =0,63 and
a=0
parameters of crystals o —SiO, , and TeO,, in the direction
perpendicular to the optical axis in equation (1) we obtain the
dependence of the parameters of anisotropy of the
multiplicative model 3,,,a,,,¢,, on coordinate z, which are
represented together with the parameters of anisotropy of
homogeneous model §,¢,a in Fig. 1.

respectively. Substituting the above mentioned

© Lavrenko M., Kolomiets ., Savenkov S., Oberemok Ye., 2014
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Fig. 1. The dependece of anizotropy parameters of multiplicative and homogeniuse models on thickness z
in direction of light propagation for crystals o. — SiO, and TeO,
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Graphical interpretation of Egs. (1) for other different

ratios between &y and qqfor crystal o—SiO, shown in
Fig. 2. It turns out that in extreme cases Jp> ¢y or
89 < ¢y the appropriate parameters of anisotropy of

multiplicative and homogeneous models &,, =5, or

Sn°, 8°

Z, ym

2,
—
e
o
—]

150
100¢
5

¢y =9 coincides. While all the other parameters of the

model in this cases do not coincides. In the most general
case, when § ~¢, none parameters of anisotropy of

homogeneous and multiplicative model does not coincides.
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Fig. 2 The dependece of anizotropy parameters of multiplicative and homogeniuse models on thickness z

in direction of light propagation for the cases a), b) 5, =5,43°/um, ¢y =—4,18°/um,

¢) 8o =7.3x10"> °/pm, ¢ =—4,18°/ um

Conclusions. In general for the medium with elliptical
birefringence the parameters of anisotropy of sequences
effect of anisotropy mechanisms (multiplicative model) do
not coincident with parameters of anisotropy of simultaneous
effects of mechanisms (homogeneous model) of anisotropy.
So in general case the multiplicative model characterized by
some effective anisotropy parameters. However, in extreme
cases, when the value of one mechanism of anisotropy
dominates over the other, there is a coincidence of this value

of anisotropy in both models. Case 3y > ¢y for example
sold for trigonal crystal system which includes in particular:
o —Si0, and TeO, in direction of optical axis.
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C. NleBuTCbKMNA, A-p hi3.-MaT. Hayk, npod.
KniBcbkui HauioHanbHUM yHiBepcuTeT iMeHi Tapaca LLieByeHka

YU MOXKHA BUSIBUTU BYAb-SIKI CZIIAN CUTHANY [0 MOro NOYATKY?

Po3sznsidaembcsi MemoduyHe numaHHs 00 KypCy 3 2apMOHIYHO20 aHaslidy Mpo MOXIugicmb 8USBNEHHsI cridie cuzHary 00 (020
roYameky, OCKiflbKU po3kiia0aHHsi 6e0embCsi Ha 2apMOHIKU, WO rnpocmsizatombcsi 8i0 MiHyc Ao nrroc HeckiH4eHocmi y daci. lMoka3aHo, wo
0na 6yOb-siKux pearnbHUX ¢hinbmpis, siki cknadarombscsi 3 LRC-enemeHnmis. ue Hemoxrueo, modi sik 0ns ifeanbHo20 ¢hunbmpy (akul
pakmu4yHoO He Moxe 6ymu peasizogaHull) maka MOX/U8iCmb iCHYE.

Kmro4qoei cnoea: cniekmp, ideansHul inbmp, peansHull LRC-ginbmp

Mpn BMBYEHHI OEsKMX PO3AiNniB Kypcy 3 rapMOHIYHOro
aHanisy curHaniB y CTyAeHTIB 4YacTO BUHMKAOTb MUTAHHS,
3anTu BignoBigi Ha fAki 6yBae [ocWUTb cknagHo. IHoai Taki
NUTaHHA CTOCYIOTbCS HaBiTb MEBHUX NapafokCiB, $K,
Hanpwvknag, 3a3HadeHe BuLle "Yn MoxHa BUABUTU Byab-siKi
cnign curHany o roro novatky?" | xoua Take nNUTaHHs Y
CTYAEHTIB NPUPOAHO BWHMKAE, BIANOBIAI Ha HbLOMO B
HaBYanbHin niTepaTypi, nepeniyeHin HanpukiHui AaHoi
CTaTTi, HaM 3HaNTU He BAAanocCh.

Hawa iHTyiuis, WO TrpyHTYeTbCA HaA  MpUHUMAI
NPUYNHHOCTI, KaTeropuyHo BIOXWNSE Taky MOXIMBICTb.
MpoTe, OCKINMbKM MW po3Kraganu curHasm Ha rapMOHIYHI
CKnafosi, WO npocTaralTbCAa Yy Yaci Big  MiHyC
HECKIHYEeHHOCTi A0 MIC HEeCKIHYEHHOCTI, TO BUXOOWUTb, LLO
AN curHany, kKM posnoyaBcs y NEBHUN CKIHYEHUA MOMEHT
yacy (Hanpuknag, B MoMeHT t=0), rapmoHiYHi Cknagosi
MOBWHHI iCHyBaTW i AO MOro noyatky. 3po3yMino, OKpemy
OVNCKPETHY FapMOHIYHY CKMNafoBy HEMNepioguyHoro curHany
BUSIBUTU HEMOXINMBO, 00 1i amnniTyga HeCckiHYeHHO Mana.
BaaTti x pasom BCi cknagosi 4O nodaTtky curHany maroTb
AaBaTu B CyMi HyIb, OCKflbku came 3 Lj€i yMOBM pobutbes
[0o6ip ix amnnityg, i das. Ta un MoxHa 3a gonomoroto oyap-
AKoro inbTpy "BMpi3aTU" 3 YCbOro CMneKkTpy Oesiky CMmyry
4acToT, KOTpi B CyMi He aaBanu 6 Hynb 40 noyaTky curHany?

Y 3aranbHOMY BMMagKy BUpas AN curHany Ha Buxogi
OEsIKOro MiHIMHOro YOTUPUNONIOCHNKA Mae BUrMAL,

£(t) = 217: [ s(0)K (@) do =

. (1

1 | K(w)e'*'do [ £,(6)e/*°d0
2n e

—0

pe f(0) i
yoTupunoniocHuka, a K(o)— nepenaBanbHa  yHKUis

YOTUPMMNOMIOCHNKA. 3MIHIOYN MOPSAOK IHTEerpyBaHHA B
(1), onepxyemo

S,(w)— curHan i oro cnekTp Ha BXOA;

£(t)= 217: f ﬁ(e)dejf K (o)™ de )

—o0

BisbMeMoO sK npuknag 3BUYaANHWUA KONMBHWUIM KOHTYP

(puc. 1), Ansa skoro nepefasarnbHa QYHKLiA Mae BUrNaA;
2
@

K(o)= 3)

0f — o’ +2jod

e o, — BllacHa 4acTtoTa KOHTYpYy, a 8 — NOro 3racaHHs.
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| I

Puc. 1. Cxema dinbTpy

Ona obuucneHHs pgpyroro iHTerpany B (2) cnig
CKOPUCTaTUCS METOAOM FULLKIB, MEepPeTBOPUBLLX NOrO Y
KOHTYPHWI iHTerpan.

Ons (t-0) > 0 —_

— —_

Imw>0 /,""- -~

r .
: -1 0 ®1 J-
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Puc. 2. KOHTYp Ha KOMNMNEKCHIN NNOLWMUHI

3 uieto MeTo cnif 3aMKHYTU LWMAX iHTerpyBaHHA Ha
NSOLLMHI KOMMMIEKCHOI 3MiHHOT ® (Puc.2) Takum 4mHOM,
o6 gogaTkoBa YaCTMHA LUMAXY iHTErpyBaHHA Hivoro 6 He
JofaBana d0 3HAYeHHs Haworo iHTerpany. Lle moxHa
3pobut, NPOBOAAYMN 3aMMKatody MiHil0 Yepe3 obnacTb, Ae
\/m m\ =oo. Topj, Wob6 BMKOHATU BKa3aHy BuLle YMOBY AnNS

t-06>0 (To6TO pOna MOMEHTIB 4Yacy nicns no4vaTky
CurHary), 3amukawdy MiHilo Crnig npoBOAUTM Yy BEPXHIn
HaniBNNOLWMHI, Ae Imm =+, 60 nuwe y LbOMYy BUNAAKY

e Ha Uit popaTKoBIN OiNSHL KOHTYpY iHTerpyBaHHi

JOpiBHIOBaTMME HyNi i HiYOro He gogacTb OO HaLOro
© NeButcbkum C., 2014
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iHTerpany. A ans MomeHTiB t—0<0 (TOBTO OO MoyaTky
CUrHarmy) KOHTYyp IHTerpyBaHHsi Cnig 3amukatn depes
HVXXHIO HaMiBNMOLLMHY.

Ane nontocn  K(o) (TOBTO 3HaueHHs o, NpuU SIKUX
K(co) nepeTBOPHETLCSA HA Hyrb) BiANOBIAATE 3HAYEHHAM

0= 8+ ol -8

i nexaTb y BepxHin HamiBnnowwuHi (puc. 2). Tomy npwu
o6xofi KOHTYpY MO HWXKHIA HaniBnmowmHi (Tobto Aans
MOMEHTIB no noyartky curHany) f,(t) 3aBxamn

AopiBHIOBaTMMe Hymto Ansa 6yab-akux f(t) . Ha BigMiny Big

LUboro npu 06xoAi KOHTYPY MO BEPXHi HaniBMMoLMHI
KOHTYp OXonuTb obuaBa Momcu i NUWOK iHTerpany He
Oyae HynboBUM.

Lli mipkyBaHHS 3anuvwaloTbCA CrnpaBeanMBuMn i Ans
Oyap-akmx inbTpiB. cknageHux 3 LRC enemenTiB. Bci
noAdibHi inbTpu MakTb MO3UTUBHE 3racaHHs i MOJCK iX
nepegasanbHMX YHKUIA  MOBUMHHI  niexxaTn B BEpPXHin
HaniBNAOLWMHI. Jlnwe Ans cuctem 3 HeraTUBHUM 3racaHHsM
NOMCKM MOXYTb feXaTu B HWDKHIN HaniBniowwmHi i gasatu

f,(t)=0npn t-0<0. Ane Taki CUCTEMN € HECTINKUMK | B

HMX MOXITMBE CamMO30yIKEHHS KONMBaHb.

TaknuMm YMHOM MOXHa BBaXKaTu AOBELAEHVM, L0 Marun
cnpasy 3 peanbHUMK INbTPYHYUMK KONaMu, CKNnageHnMm
3 LRC enemeHTiB, g0 noyatky curHany Oyab-sikux KOro
cnigis BUSIBUTU HEMOXIMBO.

IHWa cnpaBa, 4€KWO MK 3agamMocs QINbTPYYUM
NpUCTPOSIMK,  KOTPi  HEMOXNMBO  peanidyBatn. Tak,
Hanpvknag, Ans igeanbHoro  inbTpa, SKMA  Mae
nepepaBanbHy yHKL0

0, 0 < 0, — Ao
K(o)={e /"% 0, —A® < o) + Ao (4)
0, ® > o) + A0

300paxeHy Ha puc. 3, nNpuM NOAaHHIi Ha Woro BXig
rapmoHivyHoro curHany U,(t), Wo noYnHaeTbca B MOMEHT

yacy t =0, Tob6TO

U, (t)=1(t)-e™" (5)

Togai Ha Buxogi inbTpy obBigHa curHany 6yae

Umz(t):1+1Si[Amt'], t'=t-t, (6)
2

TNesutckun C., A-p uns.-mat. Hayk, npodp.
KneBckuin HauMoHanbHbIW YyHUBepcUTeT UMeHn Tapaca LLleBYyeHko

Lis cdyHkuia mae Burnag 3o0paxeHun Ha puc. 4. Tyt

; fsinz . .

Si(x)=[=—=dz — iHTerpanbHmit cuHyc.

z
0

[K(w)|
1
ol()
““».\\
®o-A® Mo ®otAw

Puc. 3. YacTOTHi xapakTepucTuku

P Lot Ty L L

_— p— .ro '_\\-H/(

Puc. 4. CurHan Ha Buxogi QinbTpy

Ak BugHo, U,(t) moxe ByTu BigMiHHOIO Big Hyns i Ans
t <0, To6TO OO Mo4vaTKy BXiQHOrO curHamny. 3MiCT LbOro
napagokcy nonsrae B TOMY, WO igeanbHUn inbTp 3
nepegaBanbHO (PyHKUie (4), WO Mae HECKIHYEHHO piski
rpaHvli, NpakTUYHO He Moxe OyTu peanisoBaHWn i MOro
cnig BigHecTM go  "dhaHTacTMyHMX" NPUCTPOIB,  SKi
CNPOMOXHiI AaBaTtu "haHTacTu4HI" pedynbTaTtu.
Submitted on 10.06.14

MOXKHO JI1 OBHAPYXXUTb KAKUE-JINBO CJIEAbI CUTHAJIA /O EFrO HAYAJIA?

Paccmampusaemcsi Memodudeckuli 80rpoc Kypca Mo 2apMOHUYECKOMY aHaru3y O 803MOXHOCMU OBHapyxeHusi credoe cueHana 0o e2o Hayarna, MocKOsbKY
pasnoxeHue eedemcsi Ha 2apMOHUKU, KOMOpbIe pacriofiazakomcsi om MUuHyc 00 Miitoc 6eckoHeYHoCmU 1o epemeHu. [TokasaHo, Ymo Onist fobbiX peabHbIX Ghusibmpos,
Komopble cocmosim u3 LRC-arieMeHmos, 3mo Hee8o3MOXHO, moada Kak 0r1s1 udeasbHo20 ¢hurbmpa (Komopabil Npakmu4yecku He Moxem Obimb pearnu3osaH) makasi

B803MOXXHOCMb Cywecmsyem.

Knroveenble crioea: criekmp, udearibHbill ¢ounbmp, pearnsHbilt LRC-¢gbunsmp

Levitsky S., Dr.Sci., Prof.
National Taras Shevchenko Universty of Kyiv

ON THE POSSIBILITY TO DETECT ANY TRACES OF SIGNAL BEFORE IT'S BEGINNING

Methodological issues are considered for the rate of harmonic analysis on the possibility to detect some traces of the signal before it starts, because the
decomposition is implemented at harmonics that extends from minus to plus infinity in time. It is shown that for any real filters, which consist of LRC-elements, this is
impossible, whereas for an ideal filter (which can not practically be implemented) this possibility exists.

Key words: spectrum, ideal filter, real LRC-filter
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AUTONOMOUS RENDEZ-VOUS WITH UNCOOPERATIVE SPACE OBJECTS

Traditionally, relative navigation vision systems for rendezvous and docking in space have relied on cooperative targets such as retro-
reflectors installed on the spacecraft to capture. While reliable, target based systems have operational limitations, as targets must be
installed on the targeted payload. Unfortunately, tasks such as autonomous rendezvous and docking, planetary probe landing and robot
navigation require higher levels of autonomy. A vision system for these applications would need to be operational under a wider range of
conditions. Comparison of two most successive missions with rendezvous and docking in 2014 provides interesting designations for future

systems development.

Keywords: satellite rendezvous and docking, space vision system, robot navigation

Introduction.The new generation of deep-space-
investigation and Earth-orbit-servicing missions which are
under considerations not only by several national and
international space agencies, but has some commercial
projects. For example, OLEV (Orbital Life Extension
Extension Vehicle) is a commercial project under
development by a consortium formed by Swedish Space
Corporation, Kayser-Threde and SENER, aimed to extend
the operational life of geostationary telecommunication
satellites by supplying them control, navigation and
guidance services. OLEV is planned to use a set of
cameras to determine the angular position and distance to
the client satellite during the complete phases of rendez-
vous and docking, thus enabling the operation with
satellites not equipped with any specific navigational aid to
provide support during the approach .

These projects are driving the demand to efficiently
approach and rendezvous with non-cooperative on-orbit
objects. Strategic applications of this technology are in the
frame of space situational awareness, orbital lifetime
prolongation, and science among others. Common to these
missions is the necessity to approach a non-cooperative
passive target from large distances (e.g., > 30 km) in a fuel
efficient, safe, and accurate manner [1].

November 12, 2014 yr the lander Philae from space
probe Rosetta made a first controlled landing on a comet
67P — Fig. 1. This comet opened on October 23, 1969 in
Kyiv, astronomer Klim Churyumov while watching another
comet photographic plates — 32P, which a month earlier
Svetlana Gerasimenko starred in Alma-Ata Observatory.
The size of the comet's nucleus is 3x5 km, orbital period -
6.6 years. After that it has a name Comet Churyumov-
Gerasimenko.

Fig. 1. The landing Philae on Comet 67P

ESA is trying to solve the problem of convergence of
future spacecraft with "uncooperative" objects, such as
fragment on low-Earth orbits, capsule with samples from
Mars or comet and asteroid. The main experiments are
connected with set of spaceships ATV (Automated
Transfer Vehicle). Since the launch of the first ATV in 2008,
each time units produce flawless docking with the space

station, using satellite navigation over long distances and
optical sensors — in the Middle. It was reviewed at [2], in
comparison of Russian system "KURS". But the last —
ATV-5 (Georges Lemaitre) made splendid rendez-vous
process with ftraditional but modernized devices and
docking at August 8, 2014 yr. It has also the prototype
LIRIS (Laser InfraRed Imaging Sensors) — the regular step
to solve the problem on the new base.

It is obviously that practical the same requirements
exist for deep space investigations where space vehicle
docking with comets and asteroids is modern problem. The
comparative examination of traditional methods and
modern results in space exploration is useful from this point
of view. The set of traditional devices are following:

Videometer. Used by the Jules Verne ATV (Automated
Transfer Vehicle). The ATV vehicle was conceived as a
resupply and reboost vehicle capable of performing a fully
automated docking with the International Space Station.
The ATV, which has recently performed its first mission
with remarkable success, uses as primary sensor at close-
ranges videometers to determine its distance and
orientation relative to its target. Based on the design of a
star tracker, the videometer is the first automatic optical
operational system ever used for spacecraft navigation. It
operates by emitting a pulsed laser beam, which is
reflected by an arrangement of passive retro-reflectors (26,
in the I1SS) installed in the client satellite. Analysis of the
time of flight and the pattern of reflected light enables to
determine the distance and direction to the docking port.
To add redundancy and a safety margin to the critical
rendez-vous operations, the relative distance and
orientation to the client satellite is also computed by a
secondary independent sensor, a telegoniometer.

Radiofrequency. Radiofrequency (RF) has also been
used in space missions to sense distance and direction to
a given target. An especially relevant example based in RF
sensors is the Russian KURS system, which has been
used for rendez-vous navigation for a long time. This
system was designed to provide all required navigation
measurements during the entire approach from a few
hundreds of kilometres down to contact, and operates in
the S-band, using wavelengths of the order of 10 cm in
continuous and modulated signals. In the SHF approach, a
modulated signal is generated by a transmitter and is
directed by an antenna towards the target. Part of the
signal’s power is reflected by the target back in the
direction of the transmitter, or the signal is re-transmitted
by a transponder at the target, and is received by the
antenna at the transmitter’s location. The typical maximum
range of RF docking sensors is on the order of 100 Km,
fitting well with the long and medium range of the
approach, whereas the very short range would require a
substantial effort to mitigate disturbances and provide the
required performance. Other important drawbacks of the
RF technology are the substantial power consumption and

© Martysh E., Yatsenko V., 2014



ISSN 1728-2306

PALQIO®I3UKA TA ENEKTPOHIKA. 1/2(21/22)/2014

~73 ~

mass of the antennas required to operate over long
distances to the target, making this choice of sensor less
used in modern systems.

Light Detection and Ranging (Lidar). This is an
optical remote sensing technology that measures
properties of scattered light to find range and/or other
information of a distant target. The prevalent method to
determine distance to an object or surface is to use laser
pulses in a similar way to radar technology, which uses
radio waves instead of light. The range to an object is
determined by measuring the time delay between
transmission of a pulse and detection of the reflected
signal. LIDAR enables technology for Lunar Science,
Exploration and Resource Prospecting. For in space and
on orbit rendez-vous, the powerful flash LIDAR LASER
pulse can be used to acquire and range targets from a
distance of up to 10-20 km. For docking applications, flash
LIDAR provides real-time three dimensional video of the
target spacecraft under any lighting conditions. This
provides six degree of freedom pose as well as velocity
and spin rate data. Inclusion of a flash LIDAR system also
allows for redundant video guidance capabilities [3].

There have been other missions (like Rosseta ESA’s
mission, Gemini or NEAR NASA’'s mission or Japan’s
Hayabusa mission) trying to reach passive (non-
cooperative) targets in space. Most of them used cameras
as one of the main optical instruments to successfully
perform the rendez-vous, but supporting it with secondary
optical instruments like a laser range finder to get distance
measurements.

AVGS (Advanced Video Guidance Sensor). Another
video sensor for rendez-vous and docking operations is the
AVGS (Advanced Video Guidance Sensor), used in the
Dart and Orbital Express demonstration missions. Dart was
developed as part of NASA’s Space Exploration Initiative,
and was launched on April 15, 2005, aboard an Orbital
Sciences Pegasus Launch Vehicle. The Dart mission
included performing autonomous proximity operations on a
target satellite using as primary sensor the AVGS. DART
performed as planned during the first eight hours through
the launch, early orbit, and rendez-vous phases of the
mission, accomplishing all objectives up to that time.
However, during proximity operations, the spacecraft
began using much more propellant than expected. As
DART detected its propellant source was approaching
exhaustion, it began a series of manoeuvres for departure
and retirement. DART finally collided with its client satellite
3 minutes and 49 seconds before initiating retirement. The
Orbital Express mission was funded by DARPA and NASA
with the goal of validating the technical feasibility of robotic,
autonomous on-orbit refueling and reconfiguration of
satellites. Orbital Express consists of a robotic servicing
spacecraft (ASTRO) and NextSat, a prototypical modular
next-generation serviceable client spacecraft. The tests
performed in orbit included connection through the robotic
arm, fuel transference, formation flying and autonomous
rendezvous, and were completed successfully.

The AVGS system combines an imaging sensor,
integrated laser sources, and narrow-band-filtered retro-
reflective targets with sophisticated signal processing and
optical correlation to develop six-degree-of-freedom
estimates of the relative state between two spacecraft
engaged in proximity operations. The AVGS sensor is
equipped with four multiplexed 1 watt diode lasers
illuminating a 24° aperture in front of the target vehicle.
Laser light is reflected by reflective corner cubes mounted
on the target satellite, and arranged in a triangle pattern
with the optical axis of all three corner cubes pointing in
the same direction. The reflected light is collected by an
imaging lens and projected onto a 1024 x 1024 CMOS

detector. Pattern recognition algorithms identify the spot
centroids of each corner cube to determine range,
bearing, and attitude of the chaser vehicle with respect to
the target satellite. The use of sensors such as the
videometer or the AVGS obviously requires the previous
installation of the set of retro-reflectors on the client
satellite. This precludes their use in a mission such as
OLEV, conceived to operate with satellites already in
orbit, and generally un-equipped with any specific means
to ease the rendez-vous and docking operation.

There have been other missions (like Rosseta ESA’s
mission, Gemini or NEAR NASA'’'s mission or Japan’'s
Hayabusa mission) trying to reach passive (non-
cooperative) targets in space. Most of them used cameras
as one of the main optical instruments to successfully
perform the rendez-vous, but supporting it with secondary
optical instruments like a laser range finder to get distance
measurements.

The LAMP (LAser MaPper). Used in the ST6 NASA
mission launched in early 2004, this sensor is a laser radar.
It operates by emitting short high power laser pulses, which
bounce off an internal gimballed mirror that determines the
azimuth and elevation of the outgoing beam. When the
laser pulse hits a target, a small amount of the light is
reflected back to the instrument. The returned laser pulse
bounces off the internal mirror and is collected by a
telescope. On the way out, a laser actuated trigger starts a
counter that is stopped by the return pulse. By sweeping
the internal gimballed mirror though a number of angles, it
is possible to form a 3-dimensional image of the space in
front of LAMP. The laser beam has been shaped to have a
0,02° (0.35 mrad) divergence. For a target surface with a
0.1m area, the detection range is 2.5 km. The LAMP
telescope itself has a 5 cm aperture and is a classical
Cassegrain type [4].

It is well-known that rocket with Rosetta still launched in
2004, it immediately brought the device into an
interplanetary orbit, which needed a fourth stage of the
launcher. He led the probe directly to the earth's gravity
endpoint. After the vehicle was flying in a spiral, from time
to time making gravitational maneuvers - acceleration or
deceleration, flying past the Earth and Mars. The chemical
engine, which is set to Rosetta, only needed to point
inclusions for the correction of its movement. Somewhere
about a year ago apparatus "put to sleep" due to energy
savings. The flight lasted for inertia. In the spring of this
year, the unit again "wake up", and he was involved in the
work. The fact that he still got to comet 67P, - a very good
result of celestial mechanics.

Rosetta spent a decade flying to comet
67P/Churyumov-Gerasimenko, and spent three months
mapping its surface to prepare for Philae's touchdown. But
the landing didn't go as planned. The three systems
designed to attach Philae to the surface: a gas thruster,
harpoons and ice screws — all failed, so the spacecraft
bounced twice before coming to a halt, angled against a
shadowed cliff with one leg in the air. Without enough
sunlight to recharge its batteries, Philae went into a deep
sleep. There is a chance it could revive as the comet
moves closer to the sun, but for now researchers are busy
dissecting the wealth of data Philae managed to upload
before it shut down.

Readings from radar instrument that linked Philae with
Rosetta before the lander ran out of power, have
narrowed potential landing spots to a 350 metre by 30
metre strip on the comet's head — Fig. 2. Scientists at the
ESA are now searching images from Rosetta's cameras
to see if they can spot Philae, but it is in a region of deep
shadow and is only likely to show up when light bounces
off its solar panels [5].
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As for Philae's drill, it was one of the last instruments to
be activated before the lander switched off. Mission
managers know the drill operated as expected, but
because the probe was sitting at angle they don't know
whether it delivered a sample to the instrument, which was
designed to study molecules from the comet by heating
material in an oven and measuring the resulting gas.

Fig. 2. Surface appearance of the comet 67P
from a distance of 40 meters

Rosetta is now ramping up its scientific mission. The ESA
has placed the spacecraft back into a higher orbit,30
kilometres above the comet, but it will dip to 20 kilometres on
3 December for 10 days to gather data on the increasing dust

In summary, use of passive video cameras and
powerful software to sense direction and distance results in
distinct advantages in a mission such as OLEV or Rosetta,
which has to interact with objects that are not equipped
with navigational aids to ease docking, and where low
mass and power consumption is a primary requirement.

Landing on a comet was never going be easy. The
European Space Agency's Philae spacecraft, the first
robotic probe designed to grapple and drill a comet,
bounced and skidded its way across the alien surface
before settling in for what might be a long nap. The
excitement of the landing may be dying down, but
researchers are just beginning to take stock of events —
and Rosetta, Philae's mother ship, might even get its own
chance to touch the comet.
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and gas spewing from 67P as it nears the sun. The plan is to
stay as close to the comet as possible without putting Rosetta
at risk from the comet's increasing activity.

MapTtuw €., a-p ¢i3s.-maTt.Hayk, KuiBcbkuin HalioHansHUI yHiBepcuTeT imeHi Tapaca LLleB4YeHka,
AueHko B., A-p TexH. HayK, IHCTUTYT KocmiuHux pocnimkeHb HAH ta HKA Ykpaibn

ABTOHOMHE CTUKYBAHHSA 3 HEKOONMEPOBAHUMN KOCMIYHMMU OB’EKTAMMU

TpaduuitiHo, cucmemu 6iOHOCHOI Hagizaujii ma 6ayeHHs1 Orisi 36MUKeHHST | CmUKy8aHHs1 8 KOCMOCI Mokiadanucsi Ha KoorieposaHi 06'ekmu, makumu Wo marnu
ceimrogidbusayi, cmaHoeneHi Ha KocMidHoOMY kopabni. Tomy HadiliHi cucmemu Ha Uinboeili OCHO8I Maromb eKcrilyamauiliHi 0OMexXeHHsI, SK Uini nosuHHi 6ymu
8CMaHOBIIEHI Ha KOPUCHOMY HasaHmaxeHHi. Taki 3a80aHHs, Kk a8MOHOMHe 36ITUXEHHST | CMUKy8aHHs, riaHemapHi nocaoku 30H0a i Hasieauii pobomig sumazaromsb
6inbL 8UCOKO20 pieHs1 asmoHoMmil. Cucmemu 6a4eHHs1 Ons yux 3acmocysaHb HeobXiOHO 6yOe esecmu 8 eKcrilyamauito 8i0rnosioHo 3 binbLu WuUpoKuM diarna3oHOM yMos.
NopigHsiHHsT O80X yCriLHUX MICit 3i 36UXXEHHAM | cmukysaHHs1 8 2014 poui 0ae uikasi no3HaveHHs1 s po38UMKyY MatibymHix cucmem.

Knroyoei crioea: cyrnymHukosa 36/UXeHHsT | CmMUKy8aHHsI, cucmema KOCMIYHO20 6a4eHHsl, asmoMamuyHa Hasiaaujsi

MapTbiw E., a-p dums.-mat.Hayk, KueBcknin HaumoHanbHbIW YHUBepcuTeT UMeHu Tapaca LLleByeHko,
AueHko B., A-p TexH. Hayk, UHCTUTYT kocMmuyecknx nccnegoBaHuin HAH ta HKA YkpaunHbi

ABTOHOMHAS CTbIKOBKA ¢ HEKOONEPUPOBAHHBIMU KOCMUYECKUMWN OBBEKTAMMU

TpaduyuoHHO cucmeMbl OMHocumerbHOU Hagueayuu u sudeHust Orisi COMUXeHUsI U CMbIKOBKU 8 KOCMOCE r1orla2anuchb Ha KoornepuposaHHble 06beKmbl, maku,
Ymo umenu ceemoompaxamersu, yCmaHo8MeHHbIe Ha KOCMUYecKoM Kopabrie. [oamomy HadexHble cucmeMbl Ha Ueresoli OCHO8e UMEHm 3KCITyamayuoHHbIe
OzpaHUYeHUsi, maK Kak uyesu 00mkHbI Bbimb ycmaHoeseHb! Ha uenesoli Hagpyake. Takue 3adayu, Kak agmoHOMHOE COMUKXEeHUe U CMbIKO8Ka, rninaHemapHble nocadku
30H0a U asmomamu4eckol Hasuzauuu mpebyem boriee 8bICOKO20 yposHS asmoHoMuu. Cucmembl 8UOEHUS Orls AMUX MPUioxeHul Heobxodumo b6ydem esecmu 6
aKcrmyamayuro 8 coomeememeuu ¢ bonee wupokum duanasoHoM ycriogull. CpagHeHue 08yx caMbiX yCreWHbIX Mucculi ¢ ConuxXeHUst u cmeikosku 8 2014 200y 0aem
UHMepecHble HarpaesneHusi 0715 pa3sumusi 6yOyuux cucmem.

Knroyesble criosa: criymHukosble COruXeHUst i CMbIKOBKU, cUCmeMa KOCMUYEeCKOo20 8UOEHUSsI, a8moMamuyeckasi Hasuaayusi
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Spectral selective characteristics of metal-dielectric nanocomposite coverings on the basis of copper are investigated. The computing
algorithm of determination of coefficients of reflection and a transmission of nanocomposite metal-dielectric structures on the basis of
copper in dielectric matrixes of SiO2 is developed. Numerical modeling of their optical characteristics in the spectral range from 0.3 to 3
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Introduction. Scientific and technological research on
the development of energy-saving coatings in many
countries belong to the priority areas of science and
technology as the main attention is paid to date save
energy resources.

Such coatings can be used as transparent heat filters,

photothermal and photovoltaic cells with improved
efficiency [2].
Special interest are transparent nanocomposite

coatings with energy-saving properties based on nanoscale
metal layers on optically transparent dielectric substrate to
reduce energy losses due to light gaps [5, 6].

Analysis of the current state of energy consumption
shows that the order of half the energy consumption
accounts for the maintenance of thermal and lighting
comfort indoors. Of these, 40% is lost through the light
transparent gaps. In Ukraine such losses equivalent to the
annual expenses of gas in 8 billion cubic meters in May
2014 prices, equivalent to 4 billion dollars. About 50% of
energy loss accounts for the thermal radiation of glass of
light gaps in the near infrared (IR) wavelengths. Removal
of such losses is possible only through the use of heat-
reflective filters based on transparent surfaces. By the
experimental data are listed energy saving coating reduces
heat losses from 50% to 2%.

Energy-saving coatings is being implemented mainly
based on multilayer structures formed from thin films of
silver and dielectric. These coatings have a high cost due
to the use of precious materials. These coatings have
significant drawbacks: high cost; possibility of degradation
characteristics of multilayer coatings; insufficient
mechanical  strength;  sophisticated = manufacturing
techniques and control parameters of multilayer structures;
limited choice of materials for energy-saving features, etc.
[2, 5, 6]. To avoid a large part of these drawbacks is
proposed by the manufacture of nanocomposite metal-
dielectric structures with energy-saving features based on
the widely used in microelectronic technology metals,
including copper [3, 8].

The aim of this work is to develop nanocomposite
metal-dielectric coatings based on copper for use in
energy-saving technologies.

Experiment technique. For the numerical simulation of
optically transparent nanocomposite coatings used metal-
dielectric structure consisting of thin layers of dielectric and
metal on a dielectric substrate.

To calculate the parameters of spectral-selective
characteristics of the electromagnetic response of each
layer and the whole system is developed computational
algorithm based on transfer matrix method [3, 4, 9]. This
method is based on the theory of plane electromagnetic
waves in a layered system [1].

An advantage of the method is that it does not impose
any restrictions on the number of layers and can be used to
calculate both the multilayer and single layer structures.

The calculations were performed under the following
approximations:

= Layered structure consists of N plane-parallel,
homogeneous, isotropic layers;

= Each layer is characterized by the effective
thickness di (i — the index of the layer), the spectral
complex electromagnetic parameters ¢, and |, ;

= Coating located between two semi-infinite
homogeneous isotropic medium (in this case there is air

with a refractive index equal to unity).
In accordance with [4, 9], we represent the tangential

terms of E (z,) and H,(z,) are the electric E and
magnetic H fields in the form of a two-dimensional vector:

E.z)
H.(z)
The nature of electromagnetic wave propagation in

layered environments will be determined by the terms of
the continuity of E and H:

G(z)= G, (z.1) (2)
Given the continuity conditions (2) in [1] that the vectors
G/(z) and G/ z,,) are related as follows:

Gi(z)= (1)

Gi(z)=MG(z.,) @)

or
G — IV|11 iM12 G 4
i(Zi)_ iM21 M22 i(Zi+1) ( )

The characteristic matrix M of i-layer
homogeneity is [4, 9]:

provided

cosD, i[1J sinD,
u ,

®)

iussinD, cosD,
where
n,cos @ — s -components,
u=< n (6)
—p-components,
cos@

D, = 2—;\Tnidicos @ (7)

where A is the wavelength of electromagnetic radiation;
¢, is the angle of refraction of a i-environment; s is the
polarization component of the electric field in a
perpendicular plane to the plane of incidence; p is the
polarization component in the plane of incidence.

Owing to a condition of continuity (2) on limit of the
section of two environments the transfer matrix through
border is single.

The transfer matrix through all layered structure of M,
according to [1, 9] presents work of characteristic matrixes

of separate layers in it to M, , starting with that on which the
wave falls:

M =ﬁMi. (8)

The full matrix of transfer of layered structure, as shown
in work [9] has an appearance:

W(N+1),0 = VN+1MVl;1 9)

where

(10)

Elements of a matrix W of layered structure are Fresnel
amplitude coefficients of a transmission and reflection. For
limit of the section between i and m layers the matrix of
transfer is defined by a ratio:

c. |1 -r
W, =-m| " 11
" im r-im dim ( )
where
dim = timtim - r'imrim (12)

1—s-components,
Cn =7 COSQ
cos @,

— p-components, (13)
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where respectively  the

transmission and reflection coefficients for a beam incident
from the i~environment on the border with the m- environment.

Thus, on the basis of ratios (9) we find amplitude
coefficients of a transmission and reflection of multilayered
structure, using data about electromagnetic parameters
and thickness of separate layers.

Energy monochromatic coefficients of a transmission of
T, and R, reflections from a covering for unpolarized light

according to [4, 9] are represented by ratios:

[ S Y 11

im? “im? lim?

amplitude

2 2
_N,cos [t + |t
n,cosq@ 2

: (14)

_ [ +|r)p|2

R
A 2

, (15)
where r,,r,, are the monochromatic Fresnel amplitude

coefficients of reflection for s- and p-polarized light
components from the coating; t,t, are the

monochromatic  Fresnel amplitude coefficients  of
transmission for s- and p-polarized light components;

cos@, and cos@, are cosines of the angles formed by the

T

1,0 — =i

e
A% NN
VRGN |
00 LVNSONSN, |
10 QR |

SN ) O A—
20

d,nm 3p 3.0
40

2,0
A, pm

1,0

a)

ray and the normal to the surface of the environment, with
the refractive index n, and n, .

Value of cosg, is defined by the expression given [8]:

cos@ =niw/n§ -nZsin’ @ (16)
2

On a basis above the presented ratios the algorithm of
calculation in the program MATLAB environment is
developed for power coefficients of a transmission and
reflection of metal-dielectric structures.

The initial data for the calculation of dielectric structures
with energy-saving properties apply values of the optical
parameters of thin-film layers of copper and dielectric
layers SiO; [7].

Results. Results of numerical modeling of spectral
dependences of coefficients of reflection and transmission
in the range from 0.3 to 3 microns of lengths of waves
metal-dielectric structures with nanoscale layers of copper
and anti-reflect layers on the basis of oxide of silicon (SiO2-
Cu-SiOy) are given in Fig. 1, 2 and 3.

b)

Fig. 1. Spectral dependence of coefficient of reflection of R (a) and coefficient of a transmission of T (b) of structure
of Si0,-Cu-SiO; (the top layer of SiO, = 50 nanometers) at various values of thickness of a metal layer

a)

b)

Fig. 2. Spectral dependence of coefficient of reflection of R (a) and coefficient of a transmission of T (b) of structure
of Si0,-Cu-SiO; (Cu=4 nanometers) at various values of thickness of a dielectric layer
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b)

Fig. 3. Spectral dependence of coefficient of reflection of R (a) and coefficient of a transmission of T (b)
of structure of SiO,-Cu-SiO, (Cu=30 nanometers) at various values of thickness of a dielectric layer

Follows from Fig. 1 that in the spectral range of 0.3+0.7
microns for copper layer thickness to 40 nanometers
values of coefficient of reflection are observed low (to 0.2).
Thus, in the spectral range over 2 microns for a copper
layer more than 15 nanometers of value of coefficient of
reflection increase to 0.9.

From Fig. 2 and 3 it is visible that change of thickness
of the clarifying layer of SiO, doesn't lead to essential
change of nature of spectral dependence of coefficient of
reflection and a transmission.

Representation  results show that changing
parameters of structure of a metal-dielectric covering on
the basis of copper it is possible to change values of
coefficient of reflection and a transmission in the spectral
range from 0.3 to 3 microns. The obtained results make it
possible to determine the parameters of metal-dielectric
structures to provide the necessary spectral-selective
characteristics. Analysis of the results of numerical
simulations show the possibility of using metal-dielectric
structures based on copper as energy-saving coatings of
various practical applications.

Structures of SiO2-Cu-SiO, with nanoscale layers of
copper up to 5 nanometers thick and with the clarifying
layer to 170 nanometers can recommend to be used as
energy saving low-issue coverings for a frigid climate (Fig.
2). And for copper thickness about 15 nanometers and with
the clarifying layer of 50 nanometers — as energy saving
low-issue coverings for warm climate (Fig. 1).

For structures with thickness of a nanoscale layer of
copper of 30 nanometers it is characteristic values of
coefficient of a transmission at the level about 0.5 in the
spectral range of 0.3+0.76 microns. It allows
recommending for use such metal-dielectric structures as
reflex coverings for warm climate (Fig. 3).

Conclusions. The computing algorithm of calculation
of spectral dependences of coefficients of reflection and

MauynsHcbkui O., KaHA. TexH. Hayk, Babuu B., cTya.,
kadp. MikpoeneKkTpPoHiku, hakynbTeT eneKTPoHiku,

transmission of nanocomposite coverings with metal and
dielectric components on the basis of a method of matrixes
of transfer is developed.

Numerical modeling of spectral characteristics of metal-
dielectric structures on the basis of nanoscale films of
copper with transparent dielectric layers is carried out.

Recommendations of practical application of metal-
dielectric structures on the basis of nanoscale films of
copper as transparent heat-reflecting filters in energy
saving technologies are made.
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HauioHanbHWi TexHiYHUIA yHiBepcuTeT YKpaiHu "KuiBcbkui nonitexHiYHun iHcTuTyT"

EHEPIrO36EPITAHOMI HAHOKOMNO3UTHI MOKPUTTA HA OCHOBI MIAI

JocnidxeHo criekmparbHO-CEeNeKmueHi xapakmepucmuku MemasnodiesieKmpu4YHUX HaHOKOMIMO3UMHUX MOKpUMIMie Ha 0CHoei Midi. Po3pobrieHo ob4uciitosarnsHull
an2o0pumm 8usHa4YeHHs1 KoegbiuieHmie 8i0bumMmMsi ma rporyckaHHs HAHOKOMIMO3UMHUX MemasooiesieKmpuYHUX CmpyKmyp Ha OCHO8I Midi 8 OierteKmpuYHUX Mampuysix
SiO2. BukoHaHO 4quceribHe MOOeso8aHHsI iX ONMUYHUX Xapakmepucmuk 8 criekmparnbHoMy OianasoHi 6id 0,3 0o 3 MKm Onsi pi3HUX eapiaHmie cmpyKmyp.
062080pI0IOMLCA MOXIUBOCMI U000 MPaKMUYHOI peanizauii ma 3acmocysaHHs HaHOKOMIIO3UMHUX CIMPYKMyp Ha OCHO8I Midi 8 sKocmi eHepao3bepiearoyux.

Knroyosi crosa: MemarolierieKmpuyHi cmpykmypu, CrieKmparbHO-CenekKmueHi XapakmepucmuKu, HaHOKOMIMO3UMHI MOKpUMMSI, eHepa03bepexxeHHsl.
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MauynsiHckuit A., KaHA. TeXH. Hayk, Babbiu B., cTya.
Kad. MMKPO3NEKTPOHUKM, (haKynbTeT INEKTPOHUKM,
HauumoHanbHbIN TeXHMYECKMA YHUBepcUTeT YKkpauHbl "KneBcKkuil NONMTEXHUYECKUA UHCTUTYT"

SHEPIOCBEPErAHOLLIME HAHOKOMMNO3UTHbIE MOKPLITUA HA OCHOBE MEAU

UccriedogaHb! CreKmMpasbHO-CeNeKmuUBHbIe  XapakmepucmuKku MemasioOuaieKmpudYeckux HaHOKOMMO3UMHbIX MOKpbIMull Ha ocHoge medu. PaspabomaH
6bIYUCTIUMESTBHBIL ar2opumm orpederieHus KO3GMUUUEHITIO8 OMpPaXeHUs U MPOrTyCKaHUs HaHOKOMIMO3UMHBIX MemaiiiodUusieKmpUYeCcKUux CIMpyKmyp Ha OCHOge
Medu e duariekmpuyeckux Mampuuax SiO2. BbinomHEHO YucieHHoe MOoOeUposaHUe UX OMMUYECKUX Xapakmepucmuk 8 criekmparisHom OuarasoHe om 0,3 0o 3 MKM
05 paanu4HbIX eapuaHmoe cmpykmyp. OBCy)Oaromcsi 603MOXHOCU MPaKMUYECKOU peanu3ayuu U MpUMEHEeHUsI HaHOKOMITO3UMHBIX CITPYKMyp Ha 0CHOee Medu 8
KadJecmee aHep2ochepeaarolyuX.

Krroyesnle crioga: MemasiodUaeKImpu4ecKue CImpyKImypbl, CIEKMPaiibHO-CeTeKMUSHBIE XapaKmepUCMUKU, HAHOKOMITO3UIMHLIE MOKPBIMUST, SHEP20CEEPEXEHUSI.

UDC 621.382:62-1/-9(045)

0. Melnyk, Ph.D., V. Kozarevych, Assist., A. Sobchenko, Stud.,
Department Electronic, Institute of Air Navigation,
National Aviation University of Kyiv

SYNTHESIS OF NANOELECTRONIC DEVICES WITH PROGRAMMABLE STRUCTURES

The synthesis of reliable programmable nanoelectronic devices based on the technology of quantum automata has been
described.While constructing majority circuits of combinational and sequential types the theory of finite automats is using. The order of
construction and programming of various types of arithmetic-logic devices has been analyzed.

Keywords: quantum nanodots, majority elements, field programmable gate array.

Introduction. The contradictions between specialization
and universatility can be eliminated through the development
of field programmable gate array (FPGA), which algorithms
of work can be changed at the request of the designer of a
particular computer equipment, that is by creating the
arithmetic logic circuits with programmable features.

Relevance of research. The development of theory
and practice of using a majority principle is an urgent
problem at present time, because the performance of
nanoelectronic computing systems with programmable
structures significantly reduces their cost and greatly
simplifies the phase of automated circuit design. One
programmable nanocircuit replaces from 30 to 150
integrated circuits with medium scale of integration.

Problem statement. The problem of developing the
design principles of the reliable computer technology is
very important nowadays. Application of mathematical and
circuit analysis along with computer aided design can

significantly improve the reliability of designing devices.

Main material. The most promising area of
nanoelectronics is creation of multi-functional subsystems
when one module combines a large number of logic
elements into a single functional unit, intended to
implement complex logic functions. These subsystems
must satisfy the following basic requirements:

= have a minimum number of external connections;

= have a hardware compatibility;

= use the same type of cells if it is possible;

= have a property extension, that is to have a flexible
structure.

To implement systems with variable structure (adaptive
system), besides, it needs to be able to programmatically
change the technical parameters of the subsystems during
or before work. In terms of cheapening of nanoelectronic
subsystems and improving the reliability of their work they
should be performed on the same type of cells with the
same configuration of connections between cells [1].

Programmable nanoelectronic device, which consists
of three universal majority elements (UME), duly
connected to each other (fig. 1), can be used as such cell
to build majority adaptive systems (MAS). Informational
(X5, X5, X4, X, ) @and control signals (r,, r,, r, ) are submitted

to the inputs of UME [2].

With the help of FPGA of this type all the functions of
two or three arguments can be implemented, including
functions of sum, difference, carry and loan, functions of
one, two and three memory elements, and some functions

of four or five arguments. The feature of FPGA is that its
logical possibilities and connections may be changed by
the program that allows it to be used for constructing of
MAS. The most important functions in majority basis,
implemented on the base of FPGA, are shown in table 1.

DD1 _
X3 —=2 f1
X —
" "I_}i
[ ik
Sy -
r
S
DD3 I\/] m
ro—>»> f3
X —]
Xo—1 ¢ s

Fig.1. Block diagram of a universal programmable
nanoelectronic device

FPGA is a functionally complete unit, because in its
composition are functionally complete UME.

Synthesis of majority systems on the base of FPGA is
recommended to do according to the following order:

1. The bolean functions, which are specified or
obtained, are presented in majority basis.

2. The minimization of obtained majority function is
performed.

3. The row, which is equivalent to the minimum form of
the maijority function, is sought in table 1.

4. A block diagram of the given subsystem is created,
considering the opportunities of UME and specified number
of inputs.

The functioning of the systems on quantum cellular
automata (QCA) is based on the interaction of Coulomb
forces of quantum dots for performing logic functions. They
are designed to reduce the use of transistors and to solve
the problems of density and connection of devices. The
cellular automata consists of grouped quantum dots,
connected with tunnel junctions and capacitors. Quantum

© Melnyk O., Kozarevych V., Sobchenko A., 2014
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dots are regions of low potential, which are surrounded by
a ring of high potential. There are several methods of their
formation, but the most common ones is metallization. In
cellular automata four quantum dots are placed in the
corners of a square. Each automata contains two

electrons, which are placed diagonally, because of the
action of Coulomb repulsion forces, in opposite corners
(fig. 2). Two possible location of these electrons are
marked as polarization of cells P =—-1 and P =+1 [1].

Examples of the most important functions that can be implemented on FPGA rapte

Ne "2 & "o f 2 fs otr;lt:r:tbf'u%fc.
1 0 0 0 maj(X,X,,0) maj(X;X,,X,X,,0) maj(x,,X,,0) 24

2 0 0 1 maj(x,,X,,0) maj(X;X,,X; v X,,0) maj(x,,X,,1) 24

3 0 1 0 maj(x,,X,,0) mMaj(X;X,,XX,,1) maj(X,,X,,0) 24

4 0 1 1 maj(x,,X,,0) Maj(X;X,,X; v X, 1) maj(X,,Xq,1) 24

5 1 0 0 maj(X;,X,,1) maj(X, Vv X,,X,X,,0) maj(x,,X,,0) 24

6 1 0 1 maj(X,,X,,1) maj(X; v X,, X; Vv X,,0) maj(X,,Xy,1) 24

7 1 1 0 maj(X,,X,,1) Maj(X; v X5,X,X, 1) maj(X,,X,,0) 24

8 1 1 1 maj(X3,X,,1) maj(X; Vv X,, X,V Xg,1) maj(X,,X,,1) 24

9 0 0 X, maj(X,,X,,0) maj(x,X,,maj(x,,X,,X,),0) maj(X,,Xq,X,) 44

10 0 X, 0 maj(X,,X,,0) maj(X,X5, XXX, ) maj(X,,X,,0) 40

11 0 X, | Xs maj(X,X,,0) maj(X;X,,Maj(X,,X,,Xs5 )X, ) maj(X,,X,Xs ) 76

12 X, 0 0 maj(X,,X,,X, ) maj(maj(X,,X,,X, ),X;X,,0) maj(x,,X,,0) 44

13 X, 0 Xs maj(X,,X,,X, ) maj(maj(x,,X,,X, ),maj(X,,X,,Xs),0) maj(X,,X,Xs ) 48

14 | X, | Xg 0 maj(X,,X,,X,) maj(maj(X,,X,,X, ), X,Xq, X5 ) maj(x,,X,,0) 76

15 X, | X5 | Xg maj(X,,X,,X, ) maj(maj(X,,X,,X, ),Mmaj(X,,X,,Xg ), Xs) maj(X,,X,Xg) 80

16 | 1 | f, | 0 maj(X;,X,,1) maj(X, v X,,XX,.f,) maj(x,,X,,0) C-(I;:?r%ﬂnv;t?s
17 f, 0 f, maj(X,,X,,f;) maj(maj(x,,X,.;),maj(x,,x,.f;),0) maj(X,,X,.f;) Two triggers
18 f, f, fy maj(X3,X,,f;) maj(maj(x,,X,,f,),maj(x,,x,,f;).f,) maj(X,,X,,f;) Three triggers
19 | f | £ | % maj(x,,X,.f,) maj(maj(x,,X,.f, ),maj(x,,X,.f2).f,) maj(x,,X,.f2) Accum. adder

Logical zero Logical one
Tunnel °
ik junction [ ;E;é, Quantum
@ @ T T dot
Electron o )
P=-1 P=+1

Fig. 2. Quantum cells in states
of logical zero and logical one

In table. 1 xg, Xg, X4, X5, X5, X, X, — input informational
signals, represented either in direct or inverse code;
r,, I,, i, — control signals; f,, f,, f, — output signals.

Let us synthesize the function of logical adding of four
arguments, using aided design system QCADesigner [3]:

f,=maj(x; v X,, X; v X,,0), (1)

which corresponds to the majority equivalent in the sixth
row in table. 1.

Functions of logical addition of two of the four
arguments are formed on two additional outputs of FPGA:

fi=x; v X,=maj(x;,x,,1) , (2)

f,=X, v X, =maj(X,,X,,1) . 3)

Simulation results. To program the functions (1), (2)
and (3) keys S, and S, in block diagram of FPGA (fig. 1.)
must be set in the state 0, and the programmable inputs
must be set in the polarizations +P =1 for r,=r,= 1, and
polarizations -P = -1 for r,= 0[2].

The fig. 3, a shows a block diagram of FPGA, which is
built on the working field of QCA Designer [3]. It consists
of 55 quantum cells, which have size 18x18 nm, with 4

quantum dots about 5 nm in diameterand 20 nm distance
between their centers. The total size of FPGA is

(198x218) nm. It has four informational inputs X, X,, X,
and x,, three programmable inputs with polarizations

+P =1 and -P=-1, and three pairs of complementary
outputs f, f, and f;.

The results of computer-aided design of FPGA time
characteristics are shown on fig. 3, b. Positive pulses
correspond to positive polarizations +P =1, and
negative — negative polarizations -P=0. The
corresponding truth table of FPGA for this programming
mode is shown in table 2.

With the change of polarization of the inputs r,, r,, r, and

set the keys S, and S, in different positions FPGA with

seven inputs (fig. 1) can be programmed for 192 logical
functions of two and four inputs combinational circuits.
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Fig. 3. Computer-aided design of combinational FPGA on QCA
Table 2 With the change of polarization of the inputs
Truth table of functions maj(x; X,,X; X,,0) r,, r, r,and set the keys S, and S, in different positions
X X X X f f f FPGA with seven inputs (fig. 1) can be programmed for
3 2 ! 0 ! 2 3 192 logical functions of two and four inputs
0 0 0 0 0 0 0 combinational circuits.
0 0 0 1 0 0 1 Now lets synthesize the circuit for the 16th raw of the
0 0 1 0 0 0 1 table 1, which consists of two majority elements with
0 0 1 1 0 0 1 separate inputs Xx,, X, and x,, X, . Direct outputs f, and f,
0 1 0 0 1 0 0 of these majority elements are combined into RS-triggers,
0 1 0 1 1 1 1 covered with feedback f, (fig. 1). On fig. 4, a built this
0 1 1 0 1 1 1 sequential nanoelectronic circuit in the form of QCA
0 1 1 1 1 1 1 Designer, and the results of time simulation are shown on
fig. 4, b. It has a size (350x240) nm and consists of 48
1 0 0 0 1 0 0
quantum dot automatas.
1 0 0 1 1 1 1 The results of computer-aided design of FPGA time
1 0 1 0 1 1 1 characteristics are shown on fig. 3, b. Positive pulses
1 0 1 1 1 1 1 correspond to positive polarizations +P=1, and negative —
1 1 0 0 1 0 0 negative polarizations -P=0 . The corresponding truth table
1 1 0 1 1 1 1 of FPGA for this programming mode is shown in table. 2.
1 1 1 0 1 1 1
1 1 1 1 1 1 1
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Fig. 4. Computer-aided design of sequential FPGA on QA

Verification table of FPGA states are given in table 3.

Conclusions. In the nearest ten years semiconductor
components of big integrated circuits will achieve quantum

Table 3 technological limitations and will not meet the increasing
Truth table of functions maj(maj(x,,x,,1),maj(x,,x,,0),f,) performance requirements of computer technology.
£ : ¢ Therefore, new nanotechnologies are developing so
X3 X2 X %o 1 2 3 actively, that would provide significantly higher
0 0 0 0 0 0 0 performance. One of such developments is the quantum
0 0 0 1 0 0 0 cellular automata and created on its basis systems with
0 0 1 0 0 0 0 programmable structures. As shown above, such devices
0 0 1 1 0 0 1 will provide realization of full system of logic functions for
both combinational and sequential arithmetical and logical
0 1 0 0 1 0 0 . .
computing devices.
0 1 0 1 1 0 0
0 1 1 0 1 0 0 REFERENCE: ) ) .
1. Melnyk O. S. Synthesis programmable nanoelectronik divaces /
0 1 1 1 1 1 1 0O.S. Melnyk, S. V. Todavchych // Electronics and Control systems — 2013. —
1 0 0 0 1 1 0 P. 89-94.
2. Pakulov N. | Majoritary principle design of reliable devices of
1 0 0 1 1 1 0 computer / N.I. Pakulov, V.F. Uhanov, P.N. Chernyshov // Moscow: Sov.
1 0 1 0 1 1 0 Radio, 1974. - 184 p. (in Russian).
3. Walus K. QCA Designer: A Rapid Design and Simulation Tool for
1 0 1 1 1 1 1 QCA / K. Walus // Internet journal of Nanotech. and Appl. — 2005. — Vol. 2 —
1 1 0 0 1 1 0 Ne1—P.1-7. .
1 1 0 1 1 1 0 Submitted on 29.10.14
1 1 1 0 1 1 0
1 1 1 1 1 1 1
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HauioHanbHui aBiauiiHui yHiBepcuTeT

CUHTE3 NPOrPAMOBAHUX HAHOEJIEKTPOHHUX NMPUCTPOIB

OrnucaHuli cuHme3 HadiliHUX rpoepamosaHuUX HaHOENEKMPOHHUX pucmpoie Ha 6asi mexHornoeil keaHmosux asmomamis. [pu Mobydosi MaxopumapHUX cxem
KoMbiHauitiHoeo ma rnocido8HOCMHO20 Murlie 8UKOPUCMOBYEMLCS Meopisi KiHuesux asmomamis. [poaHarnizoeaHo Mopsidok nobydosu ma rpozpamyeaHHs PisHUX

muriie apugbMemuKo-r102i4HUX MpuUcmMpois.
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THEORETICAL ESTIMATION OF THE RECONSTRUCTED SLICE THICKNESS
IN DIGITAL TOMSYNTHESIS

The theoretical estimation of the dependence of the digital tomosynthesis reconstructed slice thickness on the sweep angle is
presented. The dependence of the slice thickness on the in-plane object size is shown.
Keywords: Digital X-ray tomosynthesis, Slice thickness, Biomedical imaging.

Introduction. Digital tomosynthesis is one of the
emerging technologies in medical imaging. It allows the
reasonable compromise between image quality, 3D
reconstruction and patient dose. Today on market are
several models of digital tomosynthesis equipment, mainly
general purpose tomosynthesis equipment and
mammographic tomosynthesis equipment.

Present study deals with general purpose digital
tomosyntesis equipment. Table 1 summarizes some
characteristics of equipment.

Table 1

Electromechanical characteristics
of general purpose digital tomosynthesis equipment

Angular |Source-to-
Number of Anode
Model/ s scan detector
Manufacturer pl_'OJectlon range, distance voltage,
images degrees | SID, cm kv

General Electric

Definium 8000/ 60 +15° 180 120

VolumeRAD

Shimadzu

SonialVision 75 +20° 180 120

Safire

Amico

FluoroProGraf 30...60 +20° 120 70...90

7000

Characteristics of mammographic
equipment are summarized in [1, 2].

Technically there is possibility to use numerous variants
of X-ray tube and digital receptor movement and variety of
the reconstruction algorithms. During the design of the
digital tomosynthesis system we need some estimations of
the relationship between the angular scan range, number
of projection images, and the reconstruction quality. The
aim of our study is to obtain corresponding theoretical
dependencies.

Tomosynthesis slice thickness and angular scan
range. There are at least two approaches to calculate slice
thickness depending on the angular scan range. Both of
them give similar results. First approach is derived from the
Radon transform and central slice theorem and is
discussed in [1, 2]. Slice thickness is calculated from the
Fourier space.

We will use normal space to calculate the slice
thickness. The idea of slice thickness calculation is given in
Figure 1. We assume, that

1. Incident X-rays are collimated to parallel;

2. There is no divergence of a single X-ray;

3. X-ray source is a point-like source;

4. Reconstruction is done by a simple backprojection
algorithm.

Slice thickness is assumed the distance between
reconstructed planes, where the intensity of the in-plane
object decreases two times.

From the simple geometrical consideration we derive

the following relation for the slice thickness h :

tomosynthesis

_d
2tgy '

The most interesting conclusion from this equation is
than slice thickness depends on the size of the in-plane
object. So the slice thickness of large objects is bigger than
thickness of small ones. This conclusion corresponds to
results, obtained in [1, 2].

The physical nature for this result is that the projection
angular range is less than = .

_E\&_
AR

I, d
d/2

h (1)

Fig. 1. Calculation of the slice thickness
of the tomosynthesis object. Backprojection algorithm is used.
Gray rectangle denotes the planar reconstructed object. d
is size of the object in tomosynthesis plane, / is the intensity
of the reconstructed in-plane object, 2y is angular

scan range, h is the slice thickness

Number of projections and number of voxels.
Another problem which appears during the design of the
tomosynthesis system is the relation between the number
of voxels and the number of projections. The situation is
illustrated by Figure 2. A group of voxels is projected
vertically (Projection 1) and at a minimal angular interval
(Projection 2). The densities of neighbouring black and
white voxels, which superpose in Projection 1, in Projection
2 can be distinguished only if corresponding shadows
cover different pixels.

Voxels
-4

Projection 1

/rOjection 2

«+—————— Pixels

Fig. 2. Calculation of the minimal angular scanning interval

This means that if v is the voxel height or slice
thickness, b is the projection pixel dimension and Ay is the

minimal angular scanning interval, than

© Miroshnichenko S., Motolyga O., Nevgasimii A., Senchurov S., 2014
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b
V=——-
tgAy -
If H is the total height of the reconstructed volume, then
the number of voxels should be

H H
N = FNpix = Etg A’Y Npix‘ (3)

)

vox

where N, is a number of pixels in projection.

On the other hand, in algebraic reconstruction
technique to calculate the X-ray densities of N, different
voxels, we need at least the equivalent number of
equations. When the total angular scanning range is 2y ,
the corresponding number of equations is
=N, % =N_N (4)

Ay

eq pix pix " " proj

where N is the total number of projections. From

proj

equations Owunbka! UCTOYHMK CCbINIKM He HaWgeH.,

Ownoka! WCTOYHMK ccbINKM He HaumaeH. and
Owwnoka! McTOUYHUK CCbINKU He HaruAaeH., we obtain
H
Nproj = 7 (5)

MipowHuyeHko C., a-p TexH. Hayk, HBO TeneonTuk,
MoTonwura O., acn., kac. MoneKkynapHoi isnku, disnyHuin akynbTer,
KuiBcbkuin HauioHanbHUI yHiBepcuTeT imeHi Tapaca LLleBuyeHka,

For instance, if we take angular scanning range
2y =90°, b=0.25mm which corresponds 2 Ip/ mm, and

Ay =1, then h~14mm and for H=200mm minimum

number of projections, needed for reconstruction, is about
14. Making more projections decreases the relative noise
and increases patient dose.

Conclusions. The relationship between the angular
scan range and the tomosynthesis slice thickness
obtained. Slice thickness appears to be proportional to the
in-plane object dimension. The number of projections
necessary for the reconstruction of the given number of
voxels was calculated. Number of projections is inverse
proportional to the projection pixel size.
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SPECIAL JOINTS OF GRAIN BOUNDARIES IN NANOSILICON FILMS
WITH EQUIAXED AND FIBROUS STRUCTURES

Atomic force microscope was used for investigation of grain boundaries joints in undoped nanoysilicon films. It was shown that in
films with equiaxed and fibrous structure joints differ in the number and mutual arrangement of special boundaries & = 3" and of the

general type boundaries.

Key Words: nanosilicon films; structure; joints of grain boundaries

Introduction. Nanosilicon films are one of the leading
electronic materials for large-area application as solar cells
or switching electronics used for flat-panel displays. As is
known [3, 8], the characteristics of the electronic devices that
use nanosilicon films are directly connected with the
structural properties of the films, in particular, their grain
boundary and grain boundary joints. Grain boundary joints in

a polycrystalline microstructure correspond to the one-
dimensional regions of space where three or more grain
boundaries meet. In total volume of nanocrystalline material
part of the grain boundaries and joints of grain boundaries is
= 50%. It is evident that the joints influence the film structure
formation and properties of the films. This effect is different
for various joints and is structure-dependent.

© Nakhodkin N., Kulish N., Lytvyn P., Rodionova T., Sutyagina A., 2014
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Of particular interest is the investigation of special
grain boundary joints that result from interaction of
special grain boundaries. These joints possess a low
energy, weak trend to impurity adsorption, low diffusive
penetration and so on. As compared to joints of general
type, the special joints are more stable, because mobility
of special grain boundaries is low [2].

It is well known [5] that in thick polysilicon films (= 500
nm), relative amount of special joints is defined by the film
structure type (equiaxed, dendritic, fibrous). As for undoped
nanosilicon films, in previous studies it has been shown [4]
that there are two structural modification of nanosilicon
films, depending on their thickness, namely, equiaxed (at
thickness < 70 nm) and fibrous (at thickness = 70 nm). It is
reasonably to suggest that grain boundary structures of
these films are different.

In this work grain boundaries joints in undoped
equiaxed and fibrous nanosilicon films were investigated by
atomic force microscope (AFM)

Experimental procedure. Nanosilicon films were
prepared by low-pressure chemical vapour deposition from
a silane/argon mixture. Films were deposited on thermally
oxidized (100) single-crystal silicon wafers. The deposition
temperature was equal to 630°C. The film thickness was
ranged from 3 to 100 nm.

AFM has been used to obtain a set of statistical data in
studies of grain boundary joints. The film surface images

were obtained using a scanning atomic force microscope
NanoScope llla in the periodic contact mode.

Joints attributed to one or another type, depending on
the joint configuration and, more importantly, depending on
the angles between grain boundaries that form the joint.
The values of angles were compared with the values of the
angles between the corresponding crystallographic planes
[9] and the values of the angles between the twins of
different orders [2] in the face-centered cubic lattice.

Results and Discussion. AFM studies show that
several types of triple and multiple joints are observed in
nanosilicon films. These joints differ by grain boundary
orientation.

AFM-images and corresponding schematic drawing in
Table 1 show several types of triple grain boundary joints
in nanosilicon films. The following types of triple joints
were observed:

1. 3a joint is a contact of three grain boundaries of
general type (GBGT). Dihedral angles between boundaries
can be arbitrary, and in equilibrium state close to 120°,

2. 3b joint is a contact of two GBGT grain boundaries
and twin boundary =3 (X is the inverse density of
coincidence sites in the coincidence site lattice (CSL) [5]).
Dihedral angles between GBGT boundaries close to 180°.

3. 3c joint is a contact of three coherent twin
boundaries 2=3". This joint is discussed in detail in [6].

Table 1

Types of triple joints in nanosilicon films

Joints type

AFM-images

GBGT1 b3 ‘ $=3
\ 7 o0
Schematic drawing y _GBGT, 70
GBGT3 0 =Q gt e
GBGT,” ~180 =3
GBGT;
—_— — grain boundaries of the general type (GBGT);
wmmmmmmum= _ special grain boundaries (X)
Table 2
Types of multiple joints in nanosilicon films
Joint type 4a 4b 4c 5d
GBG_TZ b GBGT; 5 \ s
— b3 RS
- . 2 - - 4
GBG’ B ™
AFM images 1 & P b3
22 50 nm S ol
GBGT: | ..
GBGT,; 5
i b3 5, s P s o
GBGT, 2 ey | &1 Tvema - 55 4
Schematic drawing 2 ‘: GBGT - 0 £ GBGT; ! e
ﬁ/ : 705" £, N
z\
GBGT, GBGT,
— — grain boundaries of the general type (GBGT);
===ssmmsns - special grain boundaries (Z)
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Joints, in which four or more grain boundaries meet
(multiple joints), were considered in [2,5] for metals and
thick (thickness = 500 nm) polysilicon films, respectively.
Table 2 represents AFM-images and corresponding
schematic drawing of multiple joint types for nanosilicon
films. The following types of multiple joints were observed:

1. 4a joint is a contact of three GBGT boundaries and
twin boundary ¥ = 3. In this case the line of joint lies along
the close-packed directions [110], [211], [321].

2. 4b joint is a contact of two GBGT grain boundaries
and two coherent twin boundaries ¥ = 3. As bypassing the
joint following alternation takes place: GBGTy — £ = 31 —
> =3, —» GBGT,. Joint line is always lies along the [110]
direction, which is the intersection of the {111} planes of
coherent twin boundaries ¥ = 31 and £ = 3. Dihedral angle
between the boundaries 2 =3 is 70.50, or 109.5°. The
angle between the GBGT, and GBGT:2 boundaries is
generally much less than 180°.

3. 4c joint is a contact of two GBGT grain boundaries
and two coherent twin boundaries ¥ = 3. However, unlike
the junction 4b, alternation of boundaries another:
GBGT1 —» £=3 —» GBGT, — Z=3. Dihedral angle
between the ¥ = 3 boundaries can be arbitrary. Joint line
strictly coincides with the [211], [321], [431], but [110]
direction never found.

4. 5d joint. The interaction between the boundaries
z = 3" creates joints of five boundaries 5d, among which
the most widespread is: 2 =3 >2=3-53X=3-52=3 >
2 =81. 5d joints line is always lies along the direction
[110], which is common to all boundaries in joint [5].

Analysis of AFM images shown that the relative number
of various types of grain boundary joints changes under
transformation from equiaxed film structure to fibrous.
Fig. 1 shows the changes in the relative number of triple
and multiple joints with increasing the film thickness from
10 nm to 100 nm. As is seen from the Fig. 1, for all films
thickness that was tested, the number of triple junctions
dominates. Analysis of statistical data shows that at the
early stages of film growth (d=100 nm), the relative
number of multiple joints of all types is only 15% (Fig. 1).
As shown above (Table. 1 and Table 2), triple and
multiple joints differ from one another by the number of
boundaries of general type and special (3 =3")
boundaries. Fig. 2 shows the thickness dependence of

N,%, 80 T T T T T
: —u—-3a|]
70 i h
] mge-----" n_ : —e—-3b|]
60 ] = \.§ - A- -3c|]
. \i 1
50 i .
] = -m ]
w ~ 4
40 ] /\ ~m
- A A -
30 ] N ]
] .—./. : ‘\. ]
20 ] A ]
10 ] . . -AY ]
] A A : ]

0
T T T T T
0 20 40 60 80 100
d, nm
a

relative number of different types of triple and multiple
joints. With film thickness increasing number of special
boundaries increases and the boundaries of general type
is reduced. Thus, the decrease of free surface energy
under film growth is not only by reducing the surface area
of the grain boundaries, but also by the quality of the
boundaries. Primarily disappear boundaries of general
type, which have a high specific surface energy, and
special boundary are the longer, the lower their energy [1]
We can assume that this increasing in the relative
number of special boundary = = 3" causes the increase
in the number of joints of special type 3b and 3c, as well
as multiple joints of all types. It can be assumed that the
increasing in the relative number of chance meeting of
special boundaries between themselves and with the
boundaries of the general type leads to an increasing in
the relative number of special multiple joints. For films
with a thickness of 50 nm it is 35 %.
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Fig. 1. The relative number of triple and multiple grain
boundaries joints in nanosilicon films, depending on the film
thickness (dashed line separates the areas of film thickness

of equiaxed (d < 70 nm) and fibrous (d 2 70 nm) structures)
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Fig. 2. The relative number of different types of triple (a) and multiple (b) grain boundaries joints in nanosilicon films,
depending on the film thickness (dashed line separates the areas of film thickness of equiaxed (d <70 nm)
and fibrous (d 2 70 nm) structures)
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Attention is drawn to the fact that in equiaxed
nanosilicon films (film thickness < 70 nm) joint lines lie
along different directions, in particular, [211], [321], [431],
[110]. This correlates with the absence of texture in these
films. At the same time, in fibrous films (thickness = 70 nm)
joint lines always coincide with the direction [110], which
correlates with the presence of preferred orientation [110]
in these films [7].

Conclusions

1. Triple and multiple joints of grain boundaries are
observed in  nanosilicon films.  Crystallographic
classification of multiple joints carried out.

2. As triple and multiple grain boundaries joints are
divided in joints of general type and special joints.

3. There are several types of special grain boundaries
joints, which differ in the number and mutual arrangement
of special boundaries ¥ = 3".

4. In films with equiaxed structure (thickness < 70 nm)
joint lines lie along different directions, in particular, [211]
[321 ] [431] and [110] that corresponds to a disordered
film structure.

5. In films with fibrous structure (thickness = 70 nm)
joint lines coincide that correlates with the presence of
texture [110] in these films.
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THE MUELLER MATRIX STRUCTURE OF MEDIA WITH ORTHOGONAL EIGENPOLARIZATIONS

The Mueller matrix structure and relationships between its elements for media with orthogonal eigenpolarizations were studied.
Relations has been derived were verified on basic types of anisotropy and mixtures of ones. It was shown that Mueller matrix of medium
with orthogonal eigenpolarizations has less than twelve independent elements. In addition the conditions which determine the values of
anisotropy parameters for the eigenpolarizations to be orthogonal have been derived and examined for several characteristic mixtures of
anisotropies. In particular it was founded that the orthogonality of eigenpolarization is always possible in mixtures of four basic types of
anisotropy by properly fitted birefringent part. Finally the symmetry of the Mueller matrix, resulted from eigenpolarizations orthogonality,
was established and analyzed for optimal measurement.

Keywords: Mueller matrix, eigenpolarizations orthogonality, parameters of anisotropy.

Introduction. It is well known that in optics and
electrodynamics the crystalline medium are characterized
by the types of eigenpolarizations that this medium
possesses. Eigenpolarizations are those polarization

states of light that do not change when passing through a
medium. The amplitude and the overall phase of the beam
of light with an eigenpolarization do, however, change.
These changes are described by the corresponding

© Oberemok Ye., 2014
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eigenvalues. In scope of this research we intend to study
the conditions, under which homogeneous anisotropic
medium has in general case the orthogonal
eigenpolarizations (eigenmodes). It is known, that all four
basic types of anisotropy, circular and linear birefringence
and circular and linear dichroism, each taken separately,
possess orthogonal eigenpolarizations. Generalized
birefringence, i.e. the case of medium exhibiting linear and
circular birefringence simultaneously, is characterized by
unitary matrix model and has orthogonal
eigenpolarizations. At the same time, simultaneous
presence of dichroism and birefringence in a medium may
lead to nonorthogonal eigenpolarizations. However, to the
best of our knowledge, so far there has been no systematic
study of conditions under which such medium possesses
orthogonal eigenpolarizations. Ascertainment of
generalized conditions for orthogonality of medium’s
eigenpolarizations allows determining the structure and
symmetry of matrix model for such class of media.

Given input and scattering directions and wavelength of
input radiation, medium anisotropy properties are completely
described by 4x4 real Mueller matrix. The measurement of
complete Mueller matrix oriented to the case when all 16
elements of the Mueller matrix are independent. However, in
practice, all 16 elements may very frequently not be
independent. Some are zero and some are identical to
others, depending on the symmetry and certain properties of
the studied medium. A typical example of such situation is
the deterministic class of crystalline media [1, 3, 6, 7] with
Mueller matrices consisting in general of 7 independent
elements — degrees of freedom. Measuring all 16 elements of
the Mueller matrix for this class of media one consequently
makes more than 50% “uninformative” measurements. In
practice the part of uninformative measurements is even
higher. This means that determination of the symmetry of
inner structure of Mueller matrix model of medium, that is,
the determination of the number and location of
independent, informative elements in matrix, is perspective
way to increase the speed of measurements. Furthermore,
analysis carried out by us earlier shows that the
measurement of incomplete matrix is characterized by
higher precision than that of complete matrix.

Thus, relying on model symmetry which will be
determined in scope of intended research; it will be
possible to determine the incomplete Mueller matrices
which are sufficient for full description of media with
orthogonal eigenpolarizations in general case and for
solving of corresponding classes of the inverse problems.
In its turn, this allows to determine the scheme of
polarimeter which is optimally fit for the measurement of
these structures of incomplete Mueller matrices. This
would permit to increase both the speed and accuracy of
polarimetric measurements. This has ultimate importance
for imaging Mueller polarimetry as well.

Methods, Assumptions and Procedures. To describe
the linear interaction of polarized radiation with the
medium, the Jones and Mueller matrix methods, which is
uniquely related in case of a homogeneous anisotropic
media [2], are used.

When Jones matrix method is used than

EOUl:T-Ein, (1)
where E"" is the Jones vector of input (output) radiation,
and T denotes the Jones matrix.

Jones matrix T (2x2 matrix with complex elements )
describes anisotropic properties of homogeneous medium:

t, t
T ={ " 12} . where t, =|t |exp(-ip,,). (2)
t21 t22

Eigenpolarizations y of such matrix can be obtained as:

1 ty —t i\/(1‘22 _t11)2 +4t12 by
2 by

X2 = ; (3)

where y = E, /E, —complex variable [2]; E, , — components

of the Jones vector E.
For orthogonal eigenpolarizations the following relation:

Tk =1, (4)

is satisfied.

In experimental studies the Mueller method is used for
description of interaction between electromagnetic
radiation and medium because it operates with intensities
of radiation that can be directly measured.

Then, in scope of the Muller matrix method (1) can be
rewritten as:

Soul — MSin , (5)

where §"" _ denotes input (output) Stokes vectors.
The definition of Stokes vector is follows:

S=(I Ipcos(26)cos(2¢) Ipsin(20)cos(2¢) Ipsin(2g))T, (6)

where | — overall intensity of radiation; p — polarization
degree; 6 — azimuth and ¢ — ellipticity angle of
polarization ellipse; T — transposing.

In accordance with (5) the Mueller matrix M is a 4x4
matrix with real elements

11

(7)

This matrix, as well as Jones matrix, describes
completely anisotropic properties of homogeneous medium
for a given input and output (scattering) directions and
wavelength of input radiation.

Direct solving of the spectral problem in scope of
Mueller formalism, i.e., finding the conditions on Mueller
matrix elements for eigenpolarizations to be orthogonal, is
quite complicated task because of Mueller matrix
dimension. However, this problem, as it was demonstrated
in [8], can be solved in scope of the Jones formalism both
in terms of matrix. Taking into account the fact that Mueller
M and Jones T matrices for homogeneous medium are
interconnected by relation

M=ATQT)A", (8)
where * — conjugation; ® — Kronecker product; and

10 0 1

A~ 10 0 -1 ,
01 1 0
0 i -i O
all results, which are obtained for the Jones formalism, can
be translated to the Mueller formalism with 8). Note that
the main condition for that is the medium under
consideration does not depolarize input radiation.

It is important to note that any 2x2 matrix could be
called "Jones matrix", i.e., arbitrary 2x2 matrix with
complex elements describes always a physical realizable
transformation of polarization trough the (1). The same can
not to be said about any 4x4 matrix with real elements. To
be named as "Mueller matrix" this matrix has to meet an
ample of requirements [4].
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Due to above conditions the solving of spectral problem
even for Mueller-Jones matrix (which is determined by (8))
case is generally difficult. We can write it in the following form:

M(v,'S,+v,7S,)=(1 0 0 0). 9)

Conditions on matrices elements. In [8] was
established that for orthogonality of eigenpolarizations the
following relations between amplitudes and phases of
Jones matrix elements need to be satisfied:

lto] =t » (10)
20,5 11 = 1p + &y TN, (11)
2050100 =01 + 0, N7, (12)
20,3112 = b1p + by £ 17 (13)

where ¢, ., = arg(tmn * tkl) v Qitmnsky = arg(i(tmn 1ty )) .
Using interrelation (8) between Jones and Mueller
methods, (10)-(12) and description of spectral problem as
(9) we can also study symmetry of the Mueller matrix for
medium with orthogonal polarizations.
In particular, from (8) it follows:

‘t ‘:\/mﬂ — My + My, — My,
21 2

‘tu‘ — \/mﬁ T My — My, — My,

2

‘t ‘ =\/m11 My + My, + My,
11

2
[t :\/m11—m21;m12+m22 ' (14)
cos(%):%; sin(cpm):%;
cos(<p21>=%: sinfor) =
COS(9y,) = % » sin(py,) = % . (15)

Here we assumed that all phases of Jones matrix
elements (2) are normalized on phase of the first matrix

element (i.e. ¢,,, & ¢,,, —¢4,). Thus, in this case the phase
of element t,, is ¢,;, > 0.

Condition (4) for orthogonality of eigenpolarizations of
medium in terms of Jones matrix elements can be
transformed using (14) into relation:

My =My + My =My, = My + My =My, =My, ,
or
My =My, . (16)
Considering (10)—(12) as equivalent 2,5, = 2¢51,45) =

= 20;131.12) = §12 + & TN We can write:

Im(ty, ~ 1) _ Im(i(t, —t,,)) _ Im(t, +1,,) (17)
Re(t,, —t,,) Re(i(ty—t,)) Re(ty+t,) ,
then, invoking (14) and (15) we'll get:
My + Mys — My — My, — My + My =My — My, —
My + My +Myy + My, My + My + My, + M, . (18)

_ My — My,
My + My + My + My, —Myy —My,

and
(m13 + mzs )2 _(m31 + m32)2 = (m41 + m42)2 - (m14 + My, )2 (19)
After exploiting of relation (8) we tried to expand (9) in
assumption that polarization degree of eigenpolarizations
is p=1,i.e. s’ =8>+, +s5,°.
From (9) for normalized Stokes vectors we can write:
T

S,=(1's, s, s),8,=(1-s, -s, -s,) (20)
As the Stokes vectors (20) are eigenvectors of Mueller
matrix M it is right that:
m11 * m12SZ * m1383 x m14s4
m21 * m2232 x m2383 * m24s4

M-S, = =
Mgy £ My, Sy £ My Sy £My,S, . (21)
My £ MypS, £ My3Sy =My, S,
=(my = m,,s, = m, s, = m,,s, )31,(2)
Vi(2)
From (21) it follows:
My + MyySy + MyySy + MyS, =S, v, =0
My +MyyS, +MyySy + MyS, =S, v, =0
My, +My,S, +MyS, +m,,S, —S, v, =0 (22)
My =MyS; = MyaSy —MyySy =S, V, = 0
My —MyS; —MyaS; —Myy S, =83V, = 0
My —MyySy; —My3S; —MySy =S4V = 0
Combining (22) we obtain:
My = 8,(M;,S, +My3S; +My,S,),
My = S3(My,S, + MysSy +My,S,), (23)

My = S,(MyS, + MyySy +My,S,).

Multiplying (23) by s», s3, Sa4, respectively, and, taking
into account that for completely polarized light

(8,2 +s,2+8,7 )1/2 =1, we have:
S, (m21_m12)+33 (m31 _m13)+34 (m41 _mm) =0 (24)
My, (m21 - m12) + My, (m31 - m13) +Mmy, (m41 - m14) =0, (25)

2 2 2
m12 + m13 + m14 =1 (26)
m12m21 + m13m31 + m14m41

As for homogeneous media it is true that [1,4]
my?+m 2 +m,? =m,>+m?+m,’. (27)
From (26) and (27) we can gat that:
(Myy —my, ) +(myy —my, ) +(m,, —m, )2 =0.  (28)
From (28) it results that:
my, =My, My=my,, m,=mMm,. (29)

From (30) it follows that for complete description of
anisotropy of medium with orthogonal eigenpolarizations
the knowledge of second, third and fourth columns(rows)
of Mueller matrix is sufficient. This result can be used
during optimization of polarimeter for studying of given
polarization class of media.

Conditions on anisotropy. To derive orthogonality
condition in terms of anisotropy parameters we use the
matrix model of arbitrary homogeneous anisotropy that has
recently been presented in [6] and combines both
mathematical generality and physical interpretability:

T(9.8,0,R.P,y) = T ()T (A, ) T(R)T(P,y),  (30)
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where: value of linear dichroism is in the range P e [0;1]
and the azimuth of maximum transition is in the range

ye [—gg} ; value of circular dichroism R €[-11]; value of

linear birefringence A e [O; 27:] with it's fast axis orientation
T T . . .

ae [_E;E} ; value of optical activity is ¢ € [-m;n].

Let write next useful relations:

t,—t,=(a +ib1)exp[—i%J : (31)
. AN

t21 —t12 = (32 + Ibz)exp[—l EJ s (32)
, AN

t, +t, =(a, +ib,)exp (—I EJ (33)

In compliance with (31) parameters a, and b, have the
following form:

a1:(1+P)Rsin%sin(&x—q))—(1—P)cos%cos(2y—(p),
A . A
b1=(1—P)Rcosgsm(2y—(p)—(1+P)smEcos(2a—cp),
. A A .
az=(1—P)RSIn§COS(20,—27—(p)—(1+P)COSESIn(q)),
A A
b2:(1+P)Rcosgcos((p)7(17P)sm§sm(2a-2y-<p),
. A A .
a3:(1+P)Rsm§cos(2a—cp)+(1—P)cosEsm(2y-(p),

b, =(1 —P)Rcos%cos(Zy -@)+(1+ P)sin%sin(ZOt -9),(34)

From (34) and (10) can be written:

a,a, +b,b, =0; (35)
(11)—(13) are transformed to:

ab,—a,b, =0, (36)

ab,+a,b, =0. (37)

(35)—(37) can be used for determination of anisotropy
parameters. In particular we had got that for media have
orthogonal eigenpolarizations its dichroism can be arbitrary
but birefringence need to satisfy:

gl o] P_1[A—x/A2+4R2]

2 2RP+1

d=a- +1arccos cos2(o— )E -—, (38)
3 Vre1| 20
where A =(1-R?)sin2(a—7).
It turns convenient to determine the parameters A and
¢, while other four parameters are fixed in a range of
definition. For example:

T(9.4°,51.8°,84°,0.7,0.2,25°) =
0.803+0.61/ 0.457+0.098/ (39)
:{0.188+0.428i 0.261+O.168J
It is easy to see that eigenpolarizations y,, of the
Jones matrix (39) are orthogonal
1, = 0.446+0.228/; , =-1.777-0.908;;

40
Atz =1 “o

Taking to account (8) and (30), in terms of Mueller
matrix we can obtain:

1.000 0.593 0.707 0.361

MioA R Py | 0593 0436 0394 0155|
, A, 0L, LY ) =
¢ "=10707 0.356 0.568 0.260

0.361 0.229 0.197 0.238
Eigenpolarizations of the Mueller matrix M :
S,=(1 0599 0.713 0.365)T;

S,=(1 -0.599 -0.713 -0.365) ;

s,+S,=(1 0 0 0). (42)

Summary. Summarizing obtained results we can
formulate next conclusions. Anisotropy of homogeneous
media with orthogonal eigenpolarizations has limitations. In
particular when we use for modeling such media an
equivalence theorem in form (30) eigenpolarizations will be
orthogonal always if linear A and circular birefringence ¢
will have values as (38), whereas other four anisotropy
parameters (R, P,y,a) can take an arbitrary values. In other
words a media with orthogonal eigenpolarizations can
demonstrate all six possible anisotropy behaviors as
separately as simultaneously. One exclusion need to be
taking into account: when the medium has simultaneously
only two dichroismes (circular and linear) it can’t have
orthogonal eigenpolarizations under no conditions.

Limited anisotropy of media with orthogonal
eigenpolarizations leads to symmetry in Mueller matrix (see
(29)) and to other more difficult relations between elements
on those matrices. These relations can be useful for simplify
an analysis of properties of objects and utilized for
optimization of measurement procedure. In last context we
have used an equality of first column and row of Mueller
matrix of studied objects to reduction measurement time
with saving accuracy on polarimeter with four
LC-transducers [5]. If we could to remove limitation on shift
of LC transducers than measurement error limit could be

reduced to 6m,, =1.9%, in comparison 6m,; =2.1%.

REFERENCE:

1. Anderson D.G. Necessary and sufficient conditions for a Mueller
matrix to be derivable from a Jones matrix / D.G. Anderson, R. Barakat I/
J.Opt. Soc.Am.A., 1994. — Vol. 11. — P. 2305-2319.

2. Azzam R.M.A. Ellipsometry and Polarized Light / R.M.A. Azzam,
N.M. Bashara | Ed by RM.A. Azzam. — NY., 1987.

3. Cloude S.R. Group theory and polarization algebra // Optik
(Stuttgart). — 1986. — Vol. 75. — P. 26-36.

4. Hovenier J.W. Structure of a general pure Mueller matrix /
J.W. Hovenier Il Applied Optics. — 1994. — Vol.33. — No.36. — P. 8318-8325.

5. Optimized Mueller polarimeter with liquid crystal / A. De Martino, Y. K.
Kim, E. Garcia-Caurel at all. // Opt. Letters, 2003. — Vol.28. — P. 616-618.

6. Generalized matrix equivalence theorem for polarization theory /
S.N. Savenkov, V.V. Marienko, Y.A. Oberemok at. all // Phys.Rev. — 2006. —
Vol.E 74. — P. 056607 (1-8).

7. Savenkov S.N. Optimization and structuring of the instrument matrix
for polarimetric measurements / S.N. Savenkov // Opt.Eng. — 2002 — 41. —
P. 965-972.

8. Savenkov S.N. Generalized conditions of eigenpolarizations
orthogonality: Jones matrix calculus / S.N. Savenkov, Y.A. Oberemok I/
Proceedings of SPIE. — 2008. — Vol.6972. — P. 697210.

Submitted on 31.01.14



~ 90 ~ B I C H M K KuiBcbkoro HauioHanbHoro yHisepcurery imeHi Tapaca WllesueHka ISSN 1728-2306

O6epemok €., kaHA. dis.-maT. HayK,
kadp. KBaHTOBOI paaiodisaukn, hakynbTeT paaiodismkmn, eneKTPoHikM Ta KOMIT’ IOTEPHUX CUCTEM,
KuiBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleBueHka

CTPYKTYPA MATPUUI MIOJUJTIEPA CEPEAOBMLL
3 OPTONOHAJIbHUMU NONAPU3SALIAMU BJIACHNX XBUJ1b

B pobomi docridxeHo 38’530k Mix enemeHmamu mampuui Mrosinepa 00HOPIOHUX aHI30MPOIHUX cepedosully, 3 OPMO2oHaIbHUMU MONSpU3aUisIMU 8/1acHUX X8UrTb.
OmpumaHi CriigeiOHOWEHHsT repesipeHo Ons eunadky cepedosulwy 3 MPOCMUMU ma 3MilaHUMu muramu aHisomponii. BcmaHoeneHo, wo opmozaoHanbHicmbs
ronsipu3auili 81acHUX XeUslb 3MEHLWYE KirbKiCmb He3anexHux enemeHmie mampuui Mionnepa 0o 12. [JocnioxeHo 36’930K MiX napaMempamu aHisomporiii makoao
muny cepedosuw, ma 6CMaHOBMEeHO, WO IX aHi30mponis MOXe ymeopoeamuchb OEOHaHHSIM B8CiX HOMUPLOX efleMeHmapHUx munie OuxpoisMy ma
dg8ornpomeHe3arnomiieHHs, npome, 3 0bMexeHUM criiggidHoweHHsIM. 30kpema, rokasaHo, Wo 3a O0BIfbHUX 3Ha4YeHb OUXPOI3MY, MIpU MiHIUHO20 ma UUPKYIISPHO20
0B80OMNPOMEHE3arIoMIIeHHs MOXYmb rpuliMamu MinbKUu KOHKPeMHi 3HadyeHHs. 3 oensdy Ha ecmarosrieHy cumempito Mampuyi Mionnepa, eumiposaHHST MinbKu
HEeOobXIOHOI Kirlbkocmi i enemeHmig 0038011sie CKOPOMUMU Yac 8UMIprosaHHs 3bepiawiu abo ridsuLUBLULU MOYHICMb.

Knrovoei cnoea: Mampuusi Mionnepa, opmozoHasbHicme eriacHux ronspusauit, napamempu aHi3omportii.

O6epemok E., kaHa. ¢us.-maT. Hayk,
kad. KBaHTOBOMW paanodu3nku, pakynbTeT paamodmn3nkm, INeKTPOHUKN U KOMMbLIOTEPHBLIX CUCTEM,
KueBckuii HauMoOHanbHbIN yHUBepcuTeT MMeHun Tapaca LleBYeHko

CTPYKTYPA MATPULLbI MIOJINTIEPA CPEQ
C OPTOIOHAJ1IbHbIMU NONAPU3ALNAMU COBCTBEHHbIX BOJIH

B pabome uccnedoeaHa cesizb Mex0y anemeHmamu Mampuubi Miorinepa 00HOPOOHbIX aHU30MPOIHbIX CPEO € OPMO2OHaTbHBIMU MOSISPU3AUUSIMU COBCMBEHHBIX
80/1H. [Tony4eHHble cOOMHOWweHUsI NMposepeHb! Orisi criydasi cped ¢ MPOCMbIMU U CMeWaHHbIMU muramu aHU30mpornuy. YCmaHoeeHo, Ymo OpImo2oHabHOCMb
nonspu3ayull cobCmeeHHbIX B0IH YMEHbWaem YUCIO He3asUCUMbIX drieMeHmos mampuubi Mionnepa 0o 12. UccrnedosaHa ceass Mexdy napamempamu
aHu30mponuUU makozo muna cped U yCmaHOB/EeHO, YMo UX aHU30mponusi MoXem 06pa308bi8ambCsl COHeMaHUeM 8CeX Yembipex afieMeHmapHbIX murog ouxpousma
u dsynydenpenomneHus, 00HaKo, C 0zpaHUYeHHbIM COOMHOWeHUeM. B yacmHocmu, roka3aHo, Ymo fpu npou3eosibHbIX 3HaYeHUsIX OUXPOU3Ma, 3HaqeHUs! NTUHeUHO20
U UUPKYrsipHO20 08Yry4erperioMieHusi Mo2ym MPpUHUMaMmb MOJIbKO KOHKPEMHbIE 3HaYeHUs. Ydumbleast ycmaHOBMEeHHyr cuMmempuro Mampuubl Mronnepa,
U3MepeHUSsT MOIbKo HEO6X0OUMO20 KO/IUYeCmea ee 3IeMeHMO8 103607151eM COKpamumb 8peMsi U3MePeHUL, COXPpaHu8 UrU rnoebIicU8 MOYHOCMIb.

Knroyeenle croea: Mampuua Mronnepa, opmozoHansHOCMb COBCMBEHHbIX nornsipu3ayul, napamempb! aHU30MpPOnuu.

UDC 004.62
I. Shyian, post. grad. stud., G. Chuiko, Dr.Sci.,
A. Pavlenko, stud., Medical Systems and Devices Department,
Faculty of Ecology and Medical Sciences
Petro Mohyla Black Sea State University

DIGITAL PROCESSING OF MEDICAL IMAGE WITH MAPLE

Typical medical images are most often in gray scale and their matrices of pixel intensities are convenient for digital processing. Recent
versions of popular computer mathematics system Maple have special program packages for this aim. We are going to illustrate the
possibilities of these packages by example of usual medical image. Our case study presents the discrete dyadic wavelet analysis (DWT),
block thresholding of detail coefficients and evaluations of quality for reconstructed image. We investigated in addition the dependences of
quality parameters on the digital filters used within DWT procedure.

Keywords: medical image, discrete wavelet analysis, dyadic decomposition, block thresholding, factors of image quality, image
compression

Introduction. Digital processing is important for many
applications that involve huge data storage, transmission
and retrieval such as for multimedia, documents,
videoconferencing, and medical imaging. Uncompressed
images require considerable storage capacity. The
objective of image compression technique is to reduce
redundancy of the image data in order to be able to store
or transmit data in an efficient form. This results in the
reduction of file size and allows more images to be stored
in a given amount of disk or memory space [1].

Medical image compression may be based on wavelet
decomposition. It can produce notably better medical
image results compared to the compression results that are
generated by Fourier transform based methods such as the
discrete cosine transform (DCT) used by JPEG [6].

The aim of this paper is to illustrate how discrete dyadic
wavelet analysis (DWT) and block thresholding may be
applied in medical image compression to reduce the
volume of data.

Experimental. If we consider the quadratic image with

sizes NxN=2", we can get at least m=2log,N
consecutive Wavelet-Transformations (so called the scale

Fig. 1. A medical image before (A) and
after processing (B)

Two-dimensional wavelet transform can be represented
as a composition of one-dimensional wavelet
decompositions in rows and columns of the matrix image.

Image after single-level wavelets transformation in rows
and columns is divided into four frequency blocks with
different interpretation (Fig. 2) [5]:

1. LL-blok is top left block of approximation coefficients,

levels). In practice, usually from two to six scale levels are
enough for useful analysis [3]. We were starting with image
size N=224 and m =2 (see Fig. 1).

which were filtered out in the analysis (decomposition) with
two low-pass filters. The block contains a copy of the
primary image with half resolution.

© Shyian l., Chuiko G., Pavlenko A., 2014
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2. HL/LH blocks, bottom left and top right blocks,
contain the detail coefficients, which were filtered by a low
pass filter and a high pass filter. Block LH contains vertical
edges, while the block HL — horizontal edges of the image.

3. HH-block, lower left. It contains detail coefficients
twice filtered by high pass filters. We can interpret this
block as an area which contains the edges of the original
image in the diagonal direction.

A large number of wavelet detail coefficients will be
small in absolute value (module) after decomposition since
the neighboring pixels of images have mostly similar
intensity values. As a result, the only part of the wavelet
coefficients, especially those that are located in the so-
called block LL of upper scale, chiefly represents the
energy of image.

LL(Z) HL(Z)
LL HL HL
LH(Z) HH(Z)
LH HH LH HH
a b

Fig. 2. Frequency blocks of wavelet coefficients
for different numbers of levels of decomposition:
A - single-level wavelet decomposition of the image;
B — two-level (dyadic) wavelet decomposition

The following expression determines the image energy

N-1N-1

2
SHE N 0

here 0 <x <1 is intensity of a pixel.

The usefulness of the DWT is the large number of zero
(or close to zero) wavelet coefficients in the matrix of
decomposition. Most of small wavelet-coefficients may be
neglected by shrinking (replaced by =zeros). Such a
procedure is known as thresholding [3]. This last may deal
either with every wavelet coefficient or with blocks of them.
We used here the second kind of this procedure. If we are
going to neglect all wavelet coefficients of so-called LH, HL
and HH sub-matrices of decomposition matrix then the
percent of these increases with the scale levels as [7]:

2m

N(m):100.(1—2i) (2)

The percentage of negligible coefficients increases with
the number of scale levels as it is evident from Figure 2.

Table 1 shows that for dyadic decomposition (m=2) it
gives 93.75 % of zeros in decomposition matrix.

Table 1

Maximum percentage of zeros for thresholding
of the matrix of wavelet coefficients depending
on the number of the scale levels

the number of the

scale levels (m) 1 2 3 4 5

percentage of zeros

for thresholding (%) & 93.75 | 98.44 | 99.61

99.90

Thus, only few percent of wavelet coefficients were in
use for reconstruction of image (see Fig. 1B).

Figure 3 shows the intensity distribution of pixels on
frequency blocks of wavelet coefficients for the two-level
decomposition.

N, |

Fig. 3. Two-level refined from 93%
of small detail coefficients image

Thus, there are only less then 7 % of non-zero wavelet
coefficients, so the restored image will be significantly
compressed. Such a radical reduction of information can
be very useful in many cases, under condition that it is not
accompanied by significant losses in image quality.

The evaluation of reconstructed image quality is
possible with well-known factors: root of mean square error
(rmse), peak signal to noise ratio (PSNR), entropy,
coefficients of correlation between original and
reconstructed images [2].

The root mean square error (rmse) measures the
amount of change per pixel due to the processing. The
rmse between a reference image and the compressed
image is given by

rmse =+/mse (3)

Where mse is the mean square error
2
Z(rlj - Si,j)

wh

mse =

(4)

Here r,s are the reconstructed and source images, i, ]
range over all pixels, and w,h are the width and height [2, 8].
PSNR is most commonly used to measure the quality

of reconstruction of compressed image. PSNR is usually
expressed in terms of the logarithmic decibel scale.

2
PSNR = 10Iog10[peak J (5)
mse

Where mse is the mean square error and peak is the
maximal intensity of a pixel in the image [2, 8]. For our
evaluations peak =1.

Entropy H is a scalar value representing the entropy of
grayscale image. Entropy is a statistical measure of
randomness that can be used to characterize the texture of
the input image.

The entropy of image is equal to

M
H = ;pi log, p; (6)

Here Mis number of equal intervals between boundary
intensities 0 and 1 (normally M = 256 ).

Coefficients of correlation characterize correlation of
pixels of original and reconstructed images [2].
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The Table 2 presents these factors and their
dependences on the length of digital filters of Symlet
wavelet family. The Symlet wavelet family is one of the set
of orthogonal wavelets offered by Maple. Symlets are also
known as the Daubechies least asymmetric wavelets. Their
construction is very similar to the Daubechies wavelets.
The Symlet wavelet of size 2n has n vanishing moments.

Table 2
Factors of image quality vs. length of digital filters
Filter
length 2 4 6 8 10 12

rmse 0.060 | 0.050 | 0.046 | 0.045 | 0.045 | 0.044
PSNR (dB) | 24.45 | 26.07 | 26.66 | 26.90 | 26.91 | 27.05
Entropy (bit) | 5.921 | 6.218 | 6.288 | 6.256 | 6.290 | 6.276
Correlation | 0.981 | 0.987 | 0.989 | 0.989 | 0.989 | 0.990

Note: Entropy of original image is equal to 6.425877

Digital filters, more correctly the bank of digital filters
(low-pass and high-pass), are main thing as for real DWT of
image. You can know nothing about graphics of wavelet or
its properties but you are able to make a DWT if you have a
digital filter bank [7]. One can see that quality factors shown
in Tabl. 2 are better for lengthier digital filters, nonetheless
this gain is quite moderate. There should be found a
compromise between the quality factors (longer filters) and
the duration of computing (shorter filters).

One more problem is the optimal choice of wavelet
family for decomposition. The Tabl.3 presents the
collection of quality factors for different orthogonal wavelets
with equal lengths (n =12 ) of digital filters.

Table 3
Factors of image quality for different orthogonal wavelets
‘f"a’fn"lﬁ::st Daubechies, 12 | Coiflet, 12 | Symlet, 12
rmse 0.045274 0.044845 0.044407
PSNR (dB) 26.882917 26.965637 27.05098
Entropy (bit) 6.334132 6.256444 6.276446
Correlation 0.989195 0.989403 0.989611

Now the reader can independently estimate the results
of the switch from one family of orthogonal wavelets to
another. This effect does not look extremely strong, from
our point of view.

For processing images besides orthogonal wavelets
are also widely used biorthogonal wavelets. The
biorthogonal wavelets introduced by Cohen, Daubechies,
and Feauveau contain in particular compactly supported
biorthogonal spline wavelets with compactly supported
duals. In biorthogonal wavelets, separate decomposition
and reconstruction filters are defined and hence the
responsibilities of analysis and synthesis are assigned to
two different functions (in the biorthogonal case) as
opposed to a single function in the orthonormal case [4].

The bank of wavelets of computer mathematics system
Maple has the only biorthogonal wavelet Cohen-
Daubechies-Feauveau (CDF) (9, 7) [8]. However, digital
filters can be obtained by the algorithm outlined in the [7].
For processing we have chosen particularly biorthogonal
spline (2, 2). Fig. 4, 5 shows the low-pass and the high-pass
filters of biorthogonal spline (2, 2) for analysis and synthesis.

Table 4 displays evaluations of reconstructed image
quality processed by orthogonal and biorthogonal wavelets
with different number of digital filters.

As you see, biorthogonal wavelets have not advantages
over orthogonal wavelets in this case.

0,7
0,2 0,6
0 0,5
0,2 1 2 3 4 0.4
0.4 0,3
-0,6/ 0,2
-0,8 0,1
-1 0
1 2 3 4 5
Fig. 4. Digital low-pass and high-pass filters
of biorthogonal spline (2, 2) used for analysis
1
0.2 08
0 0,6
1 2
-0,2 0,4
0,4 0,2
-0,6 0
Fig. 5. Digital low-pass and high-pass filters
of biorthogonal spline (2, 2) used for synthesis
Table 4
Comparison of factors of image quality
for orthogonal and biorthogonal wavelets
Orthogonal wavelets |Biorthogonal wavelets
Wavelet i
families |Coiflet| Daubechies|Symlet| CDF Bg)r:ir:]c;g. CDF
12 12 12 | 53 | R 9/7
5/3
vanishing | ¢ 6 6 |22 22 |44
moments

rmse | 0,045 0,045 0,044 10,052| 0,066 |0,054

PSNR (dB)| 26,97 26,88 27,05 125,71 23,65 |2534

Entropy
(bit)
Correlation| 0,989 0,989 0,990 [0,986| 0,977 |0,985

6,256 6,334 6,276 |5,955| 6,194 |5,853

Conclusions. Image compression and its clearing by
method discrete wavelet transform can significantly reduce
the size of a 2-D image (up to 6 times). Such a radical
reduction of information can be very useful in many cases,
under condition that it is not accompanied by significant
losses in image quality.

Many scientists working in this field, are trying to find
the optimal wavelet for image processing. However, the
analysis showed that the reconstructed image quality
parameters for different families of wavelets are almost
indistinguishable. Besides, comparison of factors of image
quality for orthogonal and biorthogonal wavelets shows,
that biorthogonal wavelets have not advantages over
orthogonal wavelets in our case study.

Research has shown that with increasing length of the
digital filters factors of image quality are better. However, a
compromise between quality factors (longer filters) and the
computing duration (shorter filters) needs to be found.
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LusH 1., acn., Yynko I., a-p dis.-maT. Hayk,
MaBneHko A., maricTpaHT, kac. MeaAnYHNX Nnpunagis i cuctem, hakynbTeT €KONoro-MeaMYHUX Hayk
YopHoMopchKkuii aepxkaBHUIA YHiBepcuTeT iMmeHi MeTtpa Morunm

LIN®POBA OBPOBKA MEANYHNX 30BPAXXEHb 3ACOBAMU CKM MAPLE

Binbwicmb mMedudHUX 306paxeHb 3a3suyqall npedcmasrieHi 8 cipux 8idmiHkax, a ix Mampuuj iHmeHcusHocmel nikcenie 3py4Hi Onsi Yughposoi 06pobku. OcmaHHi
sepcii  ronynspHoi cucmemu  Kommn'tomepHoi Mamemamuku Maple maroms  crieuiansHi poepamHi nakemu Ol BUPIWEHHS makux 3aday. B Oawili pobomi
npoirtocmposaHi MoXu8ocmi Uux rakemie Ha rpuknadi murnogoeo MeduyHo20 306paxeHHs. s yughposoi obpobku 306paxeHHs1 sukopucmosysanucs 3acobu
OuckpemHoeo gelisriem-repemeopeHHs, npouedypu mpeworndiHey (mak 38aH020 "»KOpcmKoe2o ropoay”) ma nposoduriacsi ouiHka sIKOCMi 8IOHOBNEHO20 300paXEHHSI.
Kpim mozo e pobomi nposedeHuli aHani3 3anexHocmi napamempie sikocmi 306paxeHHs1 6i0 yughposux ¢binbmpis, suKkopucmosysaHux y rpouedypi OUCKPemHozo
geligriem-rnepemeopeHHsi.

Knroyoei croea: meduyHe 306paxeHHs], duckpemHe seligriem-rnepemeopeHHs, 08opigHese posknadaHHsi, mpewosndiHe, napamempu OUiHKU SIKOCI 300paxeHHsl.

LWusaH W., acn., Yywnko I'., o-p cdus.-mar. Hayk,
MaBneHko A., maricTpaHT, kac. MeaAULIMHCKUX NPUBOPOB U cucTem, pakynbTeT IKONOro-MeaAULMHCKUX HayK,
YepHomopckuit rocyaapcTBeHHbIW YHUBepcuteT umenu Metpa Morunbi

LMOPOBASl OGPABOTKA MEAULIMHCKUX N30BPAYKEHWIA METOOAMW CKM MAPLE

BornbwuHecmeo meduyuHCKUx u3obpaxeHutl 0bbI4HO rMpedcmasrieHbl 8 CEPbIX OMMEeHKax, a uUx Mampuubl UHmMeHcusHocmel nukcenel y0obHb! Onsi yughposoli
obpabomku. lMocredHue sepcuu romynspHoU cucmeMbl KOMIblomepHoU Mamemamuku Maple umetom crieyuarbHble npospamMMHbIe rnakembi O PeweHUs: makux
3a0ay. B daHHoU pabome rnpouniiocmpuposaHbl 803MOXHOCMU 3MUX Makemos Ha rpuMepe murogo2o MeOUUUHCKO20 usobpaxeHust. [ns obpabomku usobpaxeHuti
ucronbe308arnuck cpedcmea OUCKpemHoz2o seligriem-rpeobpasosaHusi, npouedypbl mpewonduHea (mak Ha3bleaeMo20o "Kecmkoeo ropoea") u nposodunack oueHka
Kayecmea 80CCMaHoOB/IEHHO20 U306paxeHus. Kpome mozo, 8 pabome npogedeH aHanu3 3asUCUMOCMU fapamempos Kadecmea U300paxeHusi om Uughposbix
¢hunbmMpos, ucronb3yembix 8 npouedype OUCKPemHoe2o selieriem-npeobpa3oeaHust.

Knroyeeble croea: meduyuHckoe uzobpaxeHue, OuckpemHoe eelieriem-rpeobpasosaHue, 08yXypOBHESOE Pa3rioXeHUe, mpewonduHe, napamMmempb! OUEeHKU
Kayecmea u30bpaxeHus.
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METAL MICRO-DETECTORS FOR IMAGING
AND BEAM PROFILE MONITORING IN RADIATION THERAPY

Metal micro-detector (MMD) has been developed at Kiev Institute for Nuclear Research (KINR). Physics and techniques of this detector
applied for monitoring and imaging of charged particles beams are presented. To provide the precise beam profile monitoring a 128-
channel X-Y MMD was produced. Test studies with this detector were performed for 20 MeV electrons (Cancer Center "Innovacia") and
high energy hadrons (protons, "*C-ions and "*O-ions, Heidelberg lon-Beam Therapy Center). Results of these studies are discussed in this

work. The results of our studies suggest the possibility of MMD application in clinical practice.
Key words: metal micro-detectors, beam profile monitoring, online dose monitoring, mini-beam radiation therapy.

Introduction. The main goal of radiotherapy is to deposit
a high dose of ionizing radiation in a tumor while keeping the
absorbed dose in the surrounding healthy tissue at a tolerant
level [1]. The monitoring of the beam position and absorbed
dose are essential. Current developments in radiation
therapy require non-destructive beam profile monitoring in
real time, as beam diagnostics provides information on the
status of the beam, monitoring of critical parameters and
alarming in case of emergency. For low intensity beams a
proper approach could be realized by using silicon micro-
strip detectors. However, radiation hardness aspect makes
this approach rather limited.

A Metal Foil Detector (MFD) technology developed at
Kiev Institute for Nuclear Research makes possible the
production of radiation hard monitoring devices that are
able to take a challenge and fulfill the needs of modern
radiotherapy.

The general physics and registration principles of the
MFD are discussed in details elsewhere [2]. Charged
particles (or photons) hitting the metal sensor-foil initiate
Secondary Electron Emission at 10-50 nm surface layers.
The charge generated in a sensor is measured by a
sensitive Charge Integrator.

MFD technology was successfully explored for the
design and production of a novel thin metal micro-strip
beam profile monitors of charge particles and synchrotron
radiation beams. Through an innovative plasma-chemistry
etching process, thin (about 1 ym) metal micro-strips are
aligned, without any other materials in the working area.
The main advantages of MMD are: low thickness of
detecting material; good position resolution (up to few pm);
low operating voltage (~ 20 V); high radiation tolerance (at
gigarads level). MMD were tested at the Minibeam
Radiation Therapy (MBRT) setup (Bio-Medical Beamline

© lakovenko V., Kovalchuk A., Pugatch V., Okrimenko O., Sorokin 1.,
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ID17, European Synchrotron Radiation Facility) [3].
Experimental setup. MMDw detector. To provide the
precise beam profile monitoring a (64 x 64)-channel X-Y
MMDw was produced at KINR. Thin metal wires are used
to create the strip structure of a sensor. Simple technology
of production, low cost and reliable operation are main
advantages of the MMDw. The read-out electronics is
based on the commercial data acquisition system XDAS
(SENS-TECH, UK) providing sensitivity of about 10°
particles/strip and dynamic range up to 10° being
connected with micro-strip metal detectors (Fig. 1).

MMD strip
| (sensor) Power supply
| + 6V
: | |
i ] signal
; XDAS
e f :\1 e
]
HV layer ™ power supply
. + 20V

Fig. 1. Incident particles
on the strips initiate secondary electron emission.
Readout is provided by X-DAS system

XDAS allows creating large detector arrays with high
speed readout in digital format. It consists out of Detector
Head Boards with analog output modules and Signal
Processing Boards with 16-bit digital output.

Each detector head board acquires 128 channels of
data, using a charge integrating ASIC and sends it via a
local data bus to the signal processing board. The signal
processing board converts the data into 14-bit format.
On-board processing enables up to 4 data samples to be
taken and added to produce a 16-bit output. This is
transmitted via a data interface board to the host
processor via USB2, data I/O, Ethernet or frame-grabber
card. A system can handle more than 20000 channels
with an exposure time from 100 ps to 100 ms, depending
on the number of channels.

Experiment at Heidelberg Heavy-lon Therapy
Center (HIT). To fully exploit the focused energy deposition
of "C in carbon ion therapy, a high accuracy on dose
location is required. It has been shown that the detection of
nuclear reaction products resulting from the interaction of
the beam with atomic nuclei of the tissue (can be positron
emitting nuclides, prompt photons or light charged
particles) provides relevant information that can be used for
the verification of the delivered dose. The experiment in
HIT was devoted to collect experimental data of
distributions of different types of secondary emission with
the best possible beam control. Schematic view of the
experimental setup is presented on Fig. 2.

At HIT the treatment can be performed by protons, a-
particles, 2C and '°0 ions at different energies (from 50
to 430 MeV/nucleon) and intensities (from 10° to 2*10°
particles/s). Fig. 3 illustrates the response of MMDw on
the '°C beam with the energy 86.7 MeV/nucleon and
intensity 6*10° particles/s.

Experiment at Innovacia Cancer Center. The series
of test measurements were performed at Innovacia
Cancer Center with linear accelerator Varian Clinac
2100C. Preliminary results with 20 MeV electrons are
presented on Fig. 4.

DGPA-LPC
e sSD
Beam Phantom
= Neutron
MMDw detector

Fig. 2. HIT experimental setup.

The overall beam intensity was monitored by the MMDw.
The annihilation photons were recorded by the DPGA-LPC
(large acceptance pixelated detector) detectors placed
following the beam direction in the plane z=0 (6=90),
and by the in-beam PET system at HIT (6=0)
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Fig. 3. MMDw response to ’C beam
with energy 86.7 MeV/nucleon and intensity 6*10° particles/s.
1-64 Channels correspond to the X-plane of MMDw,
while 65-128 — Y-plane

Experiment at Innovacia Cancer Center. The series
of test measurements were performed at Innovacia
Cancer Center with linear accelerator Varian Clinac
2100C. Preliminary results with 20 MeV electrons are
presented on Fig. 4.
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Fig. 4. MMDw response on the 20 MeV electrons
at intensity of 100 MU/m. 1-64 Channels correspond
to the X-plane of MMDw, while 65-128 — Y-plane.
The beam 5*5 cm® was focused
in the center of the detector

The influence of MMDw on the dose distribution for the
20 MeV electron beam was estimated. We performed
absolute dosimetry measurements with and without detector
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in the beam. We mentioned a higher absorbed dose on
0.4% for the measurements with detector inside the beam.
Conclusions. Advantages of MMD allow to create a
reliable radiation monitoring systems for radiation therapy
applications. Their implementation will improve beam
delivery to tumor tissue, fast imaging and evaluation of
data, optimization of treatment regimes. Commercially
available read-out systems can be applied to build high
efficient monitoring system for hadron radiation therapy.
MMD has shown reliable performance for online beam
profile monitoring. Once calibrated, the detector could also
be used for dose monitoring in real time. This is one of the
main tasks for the further measurements.
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METAJNIEBI MIKPO-AIETEKTOPU ANS BI3YAJII3ALII TA MOHITOPUHIY NMPO®LIIO MYUYKA
B PAQIALUIVUHIN TEPANII

Memanesi mikpo-demekmopu (MML) pospobneHi e IHcmumymi si0epHux docnioxeHb HAH YkpaiHu. B pobomi npedcmasneHi ¢hiduka ma mexHika makux
demekmopie Onsi do3umempii, peecmpauil ma eisyanizauii nyykie 3apsidKeHux YacmuHoK. [1ns 3abesnedyeHHs1 MOYHO20 MOHIMOPUHaY NPoginto ryyYka au2omoesneHul
128-kaHanbHul X-Y MMLO. NposedeHo mecmosi sumiptogaHHs 3 yum 0emeKkmopom Onsi enekmpoHie 3 eHepeieto 20 MeB (MeduyHa kniHika "lHHo8auyis"), a makox
8UCOKOeHep2emuyHUX adpoHHUX rly4Kie (MPOMOHU, iOHU 2C ma 0, Xatidenbbepe, LleHmp saxko-ioHHOI mepartii). Pe3ynsmamu yux 0ocnioxeHb 062080p00MbCsl y
pobomi. Pe3ynbmamu Hawux docridxKeHb 8Kka3ytomb Ha Moxriugicms 3acmocysaHHs MM 6 KniHivHil npakmuuj.
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SELF-PHASE MODULATION OF LASER PULSE IN STRATIFIED SELF-FOCUSING MEDIUM

Self-phase modulation at quasi-stationary self-focusing in stratified Kerr liquid that is divided by an optically homogenous (non-
scattering) layer has been considered. Instantaneous frequency of the laser radiation pulse at transition of the self-focusing area through a
thin transparent layer is calculated. In addition, absorption of the light in the layer is taken into account.

The transition radiation on the layer (a glass partition or a similar structure), located in the self-focusing medium, has analogous
characteristics with the radiation at the exit border of the medium. The frequency shift of the transition radiation, originated on the layer, is
smaller than the shift of the laser radiation at the exit border of the medium. However, considering that the number of layers can be more than
one, it could be concluded that introduction of the layers simplifies the experimental observation of the transition radiation and its usage.

Keywords: laser, self-focusing, phase self-modulation, transition effect

Introduction. Combination of Stimulated Raman spatial scanning by powerful pulses of electromagnetic field

Scattering (SRS) as an effective method of laser radiation
frequency tuning [5], and self-focusing (SF) as a method of

at a velocity close to the speed of light [4], allows
transforming the initial pulse of laser radiation into a

© Ivanisik A., Isaienko O., Korotkov P., Ponezha G., 2014
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random sequence of sub-pulses with a controlled duration
and frequency of each sub-pulse [3]. To achieve this, the
laser pulse has to be guided through a sample made of
transverse layers of different SRS-active self-focusing
materials with a specified thickness. However,
implementation of this idea faces major physical challenges
related with the effect of phase modulation on the laser
radiation. This paper is dedicated to analyzing these
physical challenges.

Phase self-modulation in self-focusing cell divided
by a transparent layer. Let's consider the case of a thin
non-absorbing layer, which is located in a self-focusing
medium. We assume that this layer does not have a light

field induced shift An and the value Ny of its linear

refractive index is approximately equal to the refractive
index of SRS-active medium. Such situation can be
achieved in a cell filled with self-focusing (Kerr) liquid,
which contains thin optically transparent glass partition.
Under such conditions, SF in Kerr medium occurs without
dissipation of laser radiation in the layer.

The model proposed in [1] can be used to calculate the
phase shift A¢ of Gaussian pulse, with duration t=1ns

and normalized power P = P/P, (P, is a critical power of

SF), at the exit from the medium with length L . This model
takes into account alteration in time t, which occurs in the
focal area position, and its geometrical dimensions
depending on the radiation intensity. Self-induced phase
shift was calculated using expression:

(1.222,)?

Ag(t) = k,P(t) o
0

([y a2dz+ [} a.%dz), (1)

where k0 = 2n/k0 » Ag is a wave length of the excitation

pulse in vacuum, L, is a distance between the entrance

border of the cell and the thin layer of linear optical
medium with thickness ¢, a, is a radius of the laser

beam at longitudinal coordinate z. When calculating
using expression (1), it is assumed that the beam
propagates linearly across the thin layer of non-active
medium, thus ¢ has to be adequate with a confocal
parameter of the focal area. With initial radius of the entry

beam a, =113 ym, minimum radius of the beam at the

focal area a, =5 um, and 1, =0.69 um, the focal area size

changes from 14 mm to 0.7 mm, if P varies in the range
from P =13 to P =3.6.

Self-phase modulation induces the corresponding
frequency shift of the laser pulse. Instantaneous frequency
shift (in inverse centimeters) equals:

Av(t) = —(2rc) " a(Ag)/ot , )

where ¢ is the speed of light in vacuum (in cm/sec).

The paper [2] states that when the self-focusing focal
point crosses the border of two mediums (in [2] it is a
"medium-vacuum" border), there the transition radiation
appears at the frequency, which is shifted (~ + 140 cm'1)
relative to the excitation pulse of laser radiation. However,
the transition radiation has a low (~0.5 %) spectral density in
comparison with the spectral density of the initial pulse.
Bigger spectral density of the transition radiation can be
achieved at the moments of time, which correspond to the
highest instantaneous power of the laser pulse. Therefore,
the layer must be located near a stop point of the focal area.

Self-induced phase shift and instantaneous frequency
shift, which appear during self-modulation of the laser
pulse in toluene-filled cell with length L =30 cm and a thin

transparent layer of non-active medium (/=3 mm,
L,=7cm) near the stop point z, _=6cm (minimal

distance of the self-focusing focal area at P_ =36 ), are

shown in Fig. 1 and Fig. 2.

Self-induced phase shift (Fig. 1) has two local
minimums near t=0, which correspond to the moment
when the focal area crosses the thin layer of non-active
medium. When the layer thickness ¢ and distance L,

increase, the width and the depth of the minimums also
increase. Other parts of the plot shown in Fig. 1 look
identical to the phase shift, which occurs under SF in the
homogenous (without a partition) medium [1].

Ag, rad
300 E T T T T -

2501

200}

150+

1001

Fig. 1. The self-induced phase shift
of the laser pulse at the exit of a toluene-filled cell divided
by the transparent partition

(L=30cm; L€ =7 cm; /=3 mm; t=1ns; ﬁmax =3.6)

The transparent layer induces additional instantaneous
frequency shift. The frequency shift is presented in Fig. 2.

Av, cm’’
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Fig. 2. The instantaneous frequency shift
of the laser pulse at the exit of a toluene-filled cell divided
by the transparent partition

(L=30 cm; L, =7 cm; (=3 mm; t=1ns; P, =3.6)

Phase self-modulation in self-focusing cell divided
by an absorption layer. Presume that the self-focusing
medium contain an infinitely thin absorbing partition with a
dissipation factor k. When the beams pass through the
partition under SF, the laser pulse loses a part of its energy

k=1—(l5((t)/l5(t)), where P(t) and P,(t) are the power
of laser pulse at a front and behind the partition.
The laser pulse passes the partition with different in

time convergence angles and loses part of its energy.
Therefore, the laser beam focuses at another point than
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without the absorbing partition. With usage of [1, 6], the
dependence of the beam radius a, from the coordinate z

after the partition can be approximately expressed as:
2 ;l,/2

2
a,= |a-——+ 1+[ﬁj 21 a2, ©)
| v/Sa, dz z-L, 8

where a, is the beam radius at the partition, (daz/dz)sz
’ =L

is derivative at the partition, a, is the minimum beam
radius at the center of the focal area, y, and n, are

parameters depended on the instantaneous power I5,(t) :

_ 2 0.5
y,=o.367nok0/[(\/5,,—0.852) —0.0219} @

n,=2.9P % +P " +1, (5)

Dependencies in Fig. 3 and Fig. 4 present the self-
induced phase shift of the laser pulse and the
instantaneous frequency, respectively, when the partition is

located at distance L, =7 cm from the entrance of the cell
and has the dissipation factor k =0.73.

Ag, rad

600 k

400 [ B

200 - 1

0 1 1 1 1 1
-1 -0.5 0 0.5 t, ns

Fig. 3. The self-induced phase shift
of the laser pulse at the exit of a toluene-filled cell divided
by the thin absorbing partition

(L=30 cm; Lz =7 cm; k =0.73; t=1ns; If’meix =3.6)

Av, cm”
T

N N\

-1 -0.5 0 0.5 t, ns

Fig. 4. The instantaneous frequency shift
of the laser pulse at the exit of a toluene-filled cell divided
by the thin absorbing partition

(L=30 cm; Lg =7 cm; k =0.73; t=1ns; ﬁmax =3.6)

The self-induced phase shift in Fig. 3 has two distinct
maximums and minimums (the minimum at { =0 is almost
unnoticeable).

A movement of the focal area behind the thin absorbing
partition causes addition instantaneous frequency shift of
laser pulse. Obviously, the plots in Fig. 2 and Fig. 4 have
distinctive features.

In addition, it is possible to consider a local
inhomogeneity of the "bubble" type, which in the simplest
case is located on the axis of the laser beam path and
has a radius, adequate with the geometrical dimensions
of the focal area, but is smaller than the radius of the
beam at the entrance of the medium. The beam appears
"bubble" and dissipates during its intersection. The
dissipation is as higher, as close the focal area is to the
inhomogeneity. There comes a moment, when the
inhomogeneity appears in a focal area. At that moment,
when the focal area disappears for a short period,
instantaneous frequency shift of laser pulse will be the
same as at the exit of the cell.

Conclusions. In general practice, the layers combine
properties of both described structures. This complicates the
calculation of the laser pulse spectra. Nevertheless, the self-
induced frequency shift of the laser pulse at the layers or
local inhomogeneities in the self-focusing medium can be
described by combining the two models described above.

There is small difference between the physical
mechanisms related with the generation of the transition
radiation in the transparent non-self-focusing layers, with
definite width, and in the infinitely thin absorbing layers. In
the first case, the radiation is generated due to the focal area
entering and exiting the self-focusing medium near the layer.
The second case takes place due to the change of the focal
area length, when it crosses the absorbing thin layer.

The frequency shifts of the laser pulse originated at
the layers are lower than the frequency shifts of the
transition radiation originated from the border of the
medium. However, there’s observed a general trend of
the radiation energy increase, which is almost inversed to
the value of the frequency shift. Taking into account that
the number of layers can be rather high, it could be
considered that introduction of the layers greatly
facilitates the experimental observation of the transition
radiation. To some extent this can be compared with the
transition radiation in the "foam" structures, which are
used to increase the power of the transition and
Cherenkov radiation in the applicable particle counters.

The stand-alone group of inhomogeneities, which lead
to the generation of the intense transition radiation due to
phase modulation, is inhomogeneities as scattering or
absorbing "bubble", which size ~1 uym is close to the focal
area diameter. Such inhomogeneities can occur naturally
in medium. Despite the relatively small size of the
inhomogeneities (this provides sufficient optical quality of
the medium and makes possible the self-focusing in
general) their role in the generation of the transition
radiation can be exceptional. This is result of short-term
collapse in formation of the focal area, similar to the
intersection of the medium borders by the focal area.
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STATISTICAL THEORY OF ELECTRO-DIFFUSION PROCESSES
OF IONS INTERCALATION IN "ELECTROLYTE — ELECTRODE" SYSTEM

A statistical theory of classical-quantum description of electro-diffusion processes of intercalation in "electrolyte-electrode” system is
proposed. Using the nonequilibrium statistical operator method the generalized transport equations of Nernst-Planck type for ions and
electrons in the "electrolyte-electrode"” system are obtained. These equations take into account time memory effects and spatial
heterogeneity. A one-dimensional simplified model of intercalation of ions into the electrode structure with taking the dielectric polarization
into account is proposed.

Keywords: electrolyte, electrode, intercalation, nonequilibrium statistical operator .

1. Introduction. Theoretical studies of electro-diffusion system (nickel, for example) covered with active material

transport processes of ions and electrons in the "electrode-
electrolyte" systems remain actual nowadays [6, 16, 19].
They are linked with a need to describe nonequilibrium
processes of intercalation as well as to develop a theory
suitable for practical application to predicting and
controlling these processes. The difficulties in describing
processes at electrode are first of all related with surface
phenomena at electrolyte-electrode interface In this region,
complicated processes of adsorption and diffusion take
place which are connected with a problem of charge
accumulation at battery electrodes. In the system
"electrode (anode)-electrolyte-electrode (cathode)", the
anode plays role of the source of both electrons, which
move to cathode by the corresponding electric circle, and
lithium ions in electrolyte. A cathode is typically a metallic

containing carbon and in which lithium ions intercalate from
the solution. Herewith, an important issue is the following
one. The electrochemical processes in electrolyte solution
can be described using methods of classical statistical
mechanics, whereas in the region near the electrolyte-
electrode interface and inside the electrodes, description of
diffusion and intercalation processes should be
implemented by means of the modern methods of quantum
statistical physics. In this field, the electrochemical
impendance studies [4, 1, 8] of electro-diffusion transport
processes in Li-ion batteries [18, 9, 10] were carried out
and intercalation/deintercalation processes were
investigated using nonequilibrium thermodynamics [19, 9,
2, 17] The theoretical and experimental studies of chemical
diffusion coefficient for lithium ions in intercalation

© Kostrobij P., Markovych B., Tokarchuk R., Chernomorets Yu., Tokarchuk M., 2014
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processes into various electrode materials are actively
carried out [12, 20, 5, 7, 15]. A complicated dependence of
chemical diffusion coefficient on a degree of
electrochemical intercalation and on alteration of structure
of cathode material is analyzed as well. In particular, in
Ref. [12] based on a detailed analysis of experimental
investigations for various materials an important conclusion
was drawn: the structure of intercalated material has the
main influence on the chemical diffusion coefficient.
Consequently, it is important to take into account to some
extent the altering of microstructure of cathode material, in
particular, via its polarization properties.
2. Generalized transport Nernst-Planck equations

0
ot

where the ion flows have the following structure [19]:

7 = = f g(t'- oy [ 7 '
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We proposed a statistical theory of classical-quantum
description of electro-diffusion transport processes of ions
and electrons in the "electrolyte-electrode" system [13]
using the D. Zubarev nonequilibrium statistical operator
(NSO) method [14, 21]. The presented theory takes the
spatial heterogeneity and memory effects into account.
The model and corresponding Hamiltonian are formulated
and the nonequilibrium statistical operator for the
"electrolyte-electrode" system as the functional of the
corresponding parameters of the reduced description of
the nonequilibrium processes (observable parameters) is
obtained. In this approach, we receive the generalized
transport equations such as Nernst-Planck equation for
electrons and ions in the "electrolyte-electrode" system
using the method of nonequilibrium statistical operator:

- a e — e — e —
—8n,(7;t) = 67(1;”(r,;t)+1é2>(r,;t)+ JEE)
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Here z, is ion of valence and e is the electron charge;

o(r;t') and @(r,;t') are scalar potentials of the

electromagnetic field, which during the charging/discharging
of batteries are the driving forces of transport processes of
ions in the electrolyte and intercalated ions and electrons in
the electrode.

These equations take into account the time memory
effects and spatial heterogeneity. An important contribution
to the generalized Nernst-Planck type equations are
provided by the transport kernels which, unlike the
generalized diffusion coefficients, are the third-order
correlation functions and enter into equations via terms of
second order in the parameters which describe the
dynamic correlations between the field and a density.

D (7, fst ) = ((1- F’(t)J:;(F,)Tq(tt')(1 - P(t')jl,(fl-»f,'

is the generalized diffusion coefficient of ions as a function
of coordinates and time. When /=f and /'=f", we have
diffusion coefficient in electrolyte solution.

() —Zp/

a11

‘\.b

is the current density of ions of species a in the electrolyte
solution. When /=s and I'=5s", we have a cross-diffusion

coefficient for ions in the electrolyte solution and electrode.
In this case,

J:'a(fs)=mi(\ill(ﬁ)vs@a(fs)—VS\TJZ(FS)\TIQ(FS)) is  the

operator of current density of ions in the electrode

Ft)dt'

s

structure. When I=s and ['=s", we have the
generalized quantum diffusion coefficient for ions in the
electrode subsystem:

Dj*(r, st t') =((1- P(t)], (7 7T, (t.t)

[ (=P o ()

defines a generalized of ion-electron diffusion, herewith,
ion can be in the electrolyte subsystem or in the electrode

one. p,(t') is the quasiequilibrium statistical operator. In

the generalized Nernst-Plank equations an important role
belongs to transport kernels

> [ (1= POLET, (1)

DS (7,7 Pt )

o
Jjn
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Unlike the transport kernels related with the generalized
coefficient, they are the correlation functions of the third
order and enter into the equations via the second order in

the  parameters  o(r;t")on,(.;t"),  o(f;t')dn,(7,:t'),
o(f,;t')dn,(r,;t"). We also obtained the system of

equations for the flows of ions and electrons from which the
conditions of the existence of stationary processes can be
determined.  Approximate calculation of diffusion
coefficients by means of the method of moments in
Gaussian approximation provides us the relationship
between the unary and pair distribution functions of
quasiequilibrium state.
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3. One-dimensional model of intercalation of ions
into the electrode structure with taking the dielectric
polarization into account In the generalized Nernst-
Planck equations that describe the transport processes of
ions and electrons in the "electrolyte-electrode" system
with spatial heterogeneity and memory effects in time
polarization processes are taken into account [13] by the
averaged Maxwell's equations for the electromagnetic field.
Based on this approach, we consider a simplified model of
ion intercalation based on the Nernst-Planck equation,
excluding electronic component and memory effects in
time. That is, we consider a one-dimensional model with
diagram shown in Figure

0 S R L

N

Fig. 1. Diagram of the "electrode-electrolyte" systems

We describe transport processes of ions between the
electrodes by the Nernst-Planck equations

0
ot

na(z;t)(a%

n,(zt)= —[5ﬂ(z;t)[a%na(z;t)+

V(2)+Z,e Lozt
V4

where D (z;t) is the mobility of ions of class a, V,(z) is

the surface potential of two phases electrolyte-electrode,
d(z;t) is the electric potential which satisfies the Poisson
equation

0

0 i
_67(8(2)67¢(Z’t))

under the conditions j,(0;t) = j,(L;t), ¢(0)=d,, &(L) =, .

The time dependence of the potentials on electrodes we
present in the form

Oo(t) ==, (t) = ¢ +%(¢e"“’ +c.c.),

=4n). Z.en (zt)

where ¢ is a static potential, and ¢0(m):% Then the

voltage between the electrodes is equal to
U(t) = ¢, (t) = d,(t) = 20" + U(w)e™ +c.c.
U(w)=¢ . Using Gauss's law for vector of the electric
displacement D(z;t) at z=0 we find the density of the
surface charge:

ot )——@icb( Zit),.o = D(O;1) =

( am iot

e +c.c.),

o" is the peak value. Next we narrow the model of
Z,=2,Z with the

interfacial area z=R, z=S and with the corresponding
values of the dielectric function and surface potential:

{SL,Z< R
g(z)= ,

e Z - R

two-component ionic  solution

f,z>S’

+1

V+(Z)={O,z< S

where |R-S|(L, and f, is the ions solubility in the
corresponding phase. The mobility of ions is specified in
z(min(R,S)

each phase:
. (Dt
D =47 .
© |DE,zymax(R,S)

First we consider the case of constant voltage over time:
Oo(E) = —0,(t) = 0%,

with the condition j,(0;t)=j (L;t).

case a Poisson equation has the form:

In the homogeneous

0 0
——(e(z)— zt)=0.
p= (e(2) pe Prom(Z:1))
Its analytical solution can be represented as:
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with the conditions of the continuity
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O(R7;t)=d(R";t) . As a result, the solution will looks like:
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Then we find the solution of the inhomogeneous
Poisson equation using the Green's functions method:

% (a(z)a%G(z, z")=-4nd(z-z")

with the boundary conditions
G(0,z)=0 G(R,z")=G(R",z")

' 5 — ] a + v
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Then the solution of Poisson's equation for the selected
model can be represented as:

o(z;t) = dpon(zt)+ j'dz'G(z,z’)(m(z';t)— n_(zt)).



ISSN 1728-2306

PALQIO®I3UKA TA ENEKTPOHIKA. 1/2(21/22)/2014

~101 ~

Thus, substituting present solution to the Nernst-Planck
equation, we get a closed system of equations:

o (riy= @ . (&

En:x(z!t)_ az [Qa(z7t)[az na(zst)+

na(z;t)(EVa(z)+Zaei(¢hom(z;t)+ 1)
0z 0z

[dz'G(z,z')(n (z";t)—n_(z;)))],

under the certain mobilities of ions f)a(z;t) and the surface

potential V, (z). The system of equations is nonlinear. An
important step is to study the solutions of the system of
equations close to equilibrium when n (zt)=n(z) is

static distribution of ions in the "electrolyte-electrode"”
system. Solutions of the system of equations (1) for the

approximate calculation f)a(z;t)zmina(z;t) through the
moments [13] may be important that requires some
mathematical research.

4. Conclusions. Summarizing, we proposed a
statistical theory of classical-quantum description of
electrodiffusion transport processes of ions and electrons
in the "electrolyte- electrode" system using the NSO
method. The presented theory takes the spatial
heterogeneity and memory effects into account. In this
approach, we receive the generalized transport equations
such as Nernst-Planck equation for electrons and ions in
the "electrolyte-electrode" system using the method of
nonequilibrium statistical operator. These equations take
into account the time memory effects and spatial
heterogeneity. An important contributions to the
generalized Nernst-Planck type equations are provided by

the transport kernels 5;.‘:'& which, unlike the generalized

diffusion coefficients, are the third-order correlation
functions and enter into equations via terms of second
order in the parameters o(};t)dn,(r;t) o(r;t)dn,(r;t),

o(r,;;t)8n,(r,;t) which describe the dynamic correlations

between the field and a density.

In this approach, we have considered a one-
dimensional simplified model of intercalation of ions into
the electrode structure with taking the dielectric polarization
into account.

An important open issue consists in the appearance of
bound states of Li ions with electrons and Li ions inside
electrode. For description of such processes, the transport
equations should be complemented with the equations for
"ion-ion", "ion-electron” and "electron-electron”
nonequilibrium pair distribution functions within the
electrode structure. These problems we will consider in our
future works. Besides, within the classical description of an
electrolyte we did not consider explicitly polar molecules of
solvent which, evidently, can significantly effect the
polarization processes due to their orientational movement
and can be transported into the porous structure of
electrode (what leads to a decrease of porosity and
cleavage). This needs a separate study as well.
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KocTtpo6in M., a-p ¢is.-maT. Hayk, MapkoBuu B., kaHA. ¢i3.-maT. Hayk

Tokapuyk P., acucr., kad. npuknagHoi maTemaTukm,

IHCTUTYT NnpuknagHoi MaTemaTUMKM Ta hyHAaMeHTanbHUX Hayk, HauioHanbHui yHiBepcuTeT "JlbBiBCbKa nonitexHika",
YepHomopeub 10., acn., Bipain Teopii HepiBHOBaXHUX npoueciB, IHCTUTYT ¢isnku koHaeHcoBaHux cuctem HAH Ykpaitu,
Tokapuyk M., a-p. i3.-maT. Hayk, Kad. NPUKNagHOTI MaTeMaTUKK,

IHCTUTYT NpuknagHoi MaTeMaTuku Ta pyHAaMeHTanbHUX Hayk, HauioHanbHui yHiBepcuTeT "fIbBiBCbKa noniTexHika",
BiAaAin Teopii HepiBHOBaXHUX npouecis, IHCTUTYT cisnku koHaeHcoBaHux cuctem HAH Ykpainu

CTATUCTUYHA TEOPISl ENEKTPOAN®Y3IAHUX NPOLECIB IHTEPKANALIL IOHIB
B CUCTEMI "ENEKTPONIT-ENIEKTPOA"

3anporoHogaHo cmamucmuy4Hy meopito 07151 KITaCu4HO-K8aHMo8o20 Orucy enekmpodu ghysitiHUX npouecie iHmepkansauii 8 cucmemi "ernekmposnim-enekmpod”.
Bukopucmosytoyu memod HepieHO8aXHO20 CMamucmu4yHO20 Orlepamopa, OMPUMaHO y3a2aribHeHi PieHAHHSI nepeHocy muny HepHcma-lnaHka Ons ioHie ma
erlekKmpoHie 8 cucmemi "enekmpornim-enekmpod”. Lii pieHsiHHSI paxosytomb eghekmu rnam’simi 8 Yaci ma rpocmoposy HeOOHOPIOHICMb. 3arporoHO8aHO OOHOMIPHY
crnpolyeHy Moderib iHmepkarnsiuil ioHie 8 cmpykmypy erlekmpooa 3 epaxysaHHsiM GiesIeKmpUYHOI nonspu3aui.

Knroyoei crioea: enekmporim, ernekmpod, iHmepkarsiuisi, HepieHo8axHUL cmamucmuYHul orepamop.

Koctpo6ui ., a-p pus.-mat. Hayk, MapkoBuy B., kaHA. us.-maT. Hayk,

Tokapuyk P., accucr., kach. npuknagHon maTemaTukm,

WUHCTUTYT npMknagHon MatemaTuku U pyHAaMeHTanbHbIX HayK, HaumoHanbHbIn yHuBepcuteT "JIbBOBCKass MoNUTexXHuKa",
YepHomopewu 10., acn., oTAen Teopun HepaBHOBECHBLIX NpoLleccoB, MHCTUTYT hn3nkn KoHaeHcupoBaHHbIX cuctem HAH YkpauHbl,
Tokapuyk M., a-p du3s.-mat. Hayk, kac. npuknagHon matemaTuku, MHCTUTYT NpuKNagHoOW MaTeMaTUKM U byHAaMeHTanbHbIX HayK
HaumoHanbHbIN yHMBepcuTteT "flbBOBCKasi NonuTexHuKa", oTaen Teopun HepaBHOBECHLIX MPOLIECCOB,

WHcTuTyT dhn3amnkmn KoHaeHcmpoBaHHbix cuctem HAH YkpaunHbl

CTATUCTUYECKASA TEOPUA SNNIEKTPOANDDY3NOHHbIX MPOLIECCOB MHTEPKAJISILLUM NOHOB
B CUCTEME "3JIEKTOJIUT-IJIEKTPOL".

[MpednoxeHo cmamucmuyecKyto meopuro 0711  KITacCUYEeCKO-K8aHmMoB020 OruUCaHUsi  3r1eKmpoOuGhy3UOHHbIX MPOUEeCcco8 UHmMepKanauyuu 6 cucmeme
"ariekmponum-anekmpod”. Ucrons3ysi Memod HepasHOBECHO20 CMAamuUCMUYecKo20 oriepamopa, Mosy4YeHsl obobleHHbIe ypasHeHUs rnepeHoca murna HepHcma-
lNnaHKka Onsi UOHO8 U 3MIEKMPOHO8 8 cucmeme "arnekmponum-anekmpod”. Omu ypasHeHuUs1 yyumbigaom 3¢hghekmb! namsimu 80 8PEMEHU U MpOCmpaHCmMeeHHyo
HeoOHopoOHOCMb. [TpedioxeHO 0OHOMEPHYHO YIPOWEHHYIO MOOETb UHMepKansayuu UOHO8 8 CMPYKmypy €1eKmpodos ¢ y4emom OUEeKmpUYecKoU nonspuayuu.

Knrouesbie crioga: ariekmporium, 351ekmpo0d, UHMepKansyus, HepagHO8ECHbIL cmamucmuyeckuli ornepamop.
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