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Department of Electrophysics, Faculty of Radio Physics, Electronics and Computer Systems,

Taras Shevchenko National University of Kyiv
K. Gurzhiy, post. grad. stud., E. Lukyanetz, Dr.Sci, Prof.
Bogomoletz Institute of Physiology, NAS of Ukraine

INVESTIGATION OF THE DEATH OF HIPPOCAMPAL NEURONS UNDER THE INFLUENCE
OF HYPOXIA BY USING A LASER SCANNING CONFOCAL MICROSCOPY

Investigation of the death of hippocampal neurons under the influence of hypoxia by using a laser scanning confocal microscopy was
fulfilled. Using double staining of the cells with fluorescent dyes propidium iodide and Hoechst 33258 it was revealed that 15-minutes gas
hypoxia caused the death of 5% neurons and neuronal apoptosis observed in 40%.

Key words: rat, confocal microscope, necrosis, apoptosis, fluorescent dyes.

Introduction. Brain hypoxia is a serious neurological
disease associated with lack of oxygen in the brain due to
various reasons. Prolonged hypoxia induces neuronal cell
death via apoptosis, resulting in a hypoxic brain injury.
While programmed cell death, apoptosis, occurs as a
necessary and natural event for multicellular organisms,
necrosis is a form of unplanned cell death as a result of
pathological or chemical trauma. There are numerous
molecular and morphological differences between these
two forms of the cell death, whose decision is based on the
type and dose of the stress [1].

The aim of our experiments was to study the death of
hippocampal neurons of a rat under the influence of the
hypoxia with using of laser scanning confocal microscope.
Cultures of rat hippocampal neurons were selected as the
object of study in this work because the brain is one of the
first organs to fail in hypoxia, due to its high intrinsic rate of
oxygen consumption. Hippocampus plays an important role
in the consolidation of information from short-term memory
to long-term memory and learning.

Fluorescence microscopy is based on the study of
microscopic  objects which able to Iluminescence.
Fluorescence microscopy allows analyzing the distribution
and dynamics of functional molecules in single intact living
cells. The method of image formation in a confocal
microscope is achieved by scanning one or more focused
beams of light from a laser across the specimen, Fig.1. The
images produced by scanning the specimen in this way are
called optical sections. Confocal microscopy offers several
advantages over conventional widefield optical microscopy,
including the ability to control depth of field, elimination or
reduction of background information away from the focal
plane (that leads to image degradation), and the capability
to collect serial optical sections from thick specimens
(greater than 2 micrometers). The basic key to the confocal
approach is the use of spatial filtering techniques to
eliminate out-of-focus light or glare in specimens whose
thickness exceeds the immediate plane of focus.

Coherent light emitted by the laser system (excitation
source) passes through a pinhole aperture that is situated
in a conjugate plane (confocal) with a scanning point on
the specimen and a second pinhole aperture positioned in
front of the detector (a photomultiplier tube). As the laser is
reflected by a dichromatic mirror and scanned across the
specimen in a defined focal plane, secondary fluorescence
emitted from points on the specimen (in the same focal
plane) pass back through the dichromatic mirror and are
focused as a confocal point at the detector pinhole
aperture, Fig.1.

The significant amount of fluorescence emission that
occurs at points above and below the objective focal plane
is not confocal with the pinhole and forms extended Airy
disks in the aperture plane. Because only a small fraction
of the out-of-focus fluorescence emission is delivered
through the pinhole aperture, most of this extraneous light

is not detected by the photomultiplier and does not
contribute to the resulting image. The dichromatic mirror,
barrier filter, and excitation filter perform similar functions to
identical components in a widefield epi-fluorescence
microscope. Refocusing the objective in a confocal
microscope shifts the excitation and emission points on a
specimen to a new plane that becomes confocal with the
pinhole apertures of the light source and detector.

Visualization of a cell with fluorescent compounds
provides a wide variety of information for the analysis of
cell functions. Various activities and structures of a cell can
be targeted for staining with fluorescent compounds.

Detector

R
b

Confocal Aperture

llluminating Aperture

Point |
Source |

Dichroic Mirror

Objective Lens

Focal Plane

Specimen
Fig. 1. Principle of confocal microscopy

Methods. In our experiments, the hippocampal cell
cultures were prepared from hippocampal neurons of
newborn Wistar rats. All experiments with animal were
performed in strict compliance with all applicable
international and local regulations for the proper use of
animals in researches. Neurons were cultivated for 12—-13
days in the culture.

We used double staining for neuronal death detection.
Double stain apoptosis detection method (Hoechst 33258/
Propidium iodide) employs two dyes assaying normal,
apoptotic, and dead cells. This method provides a rapid
and convenient assay for apoptosis based upon
fluorescent detection for the compacted state of the
chromatin in apoptotic cells. These dyes bound to DNA.
Hoechst 33258, a kind of blue-fluorescence dye (excitation/
emission maxima ~350/461 nm (Fig. 2), when bound to
DNA), stains the condensed chromatin in apoptotic cells

© Bilonozhko V., Gurzhiy K., Lukyanetz E., 2015
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more brightly than the chromatin in normal cells. Propidium
iodide (Pl), a red-fluorescence dye (excitation/emission
maxima ~535/617 nm, when bound to DNA), is only
permeate to dead cells. The simultaneous use of these
dyes makes it possible to distinguish normal, apoptotic,
and dead cell populations by fluorescence microscopy.
Hoechst stains are part of a family of blue fluorescent dyes
used to stain DNA. This dyes bind to minor-grooves of
DNA  (multiple affinity types) with fluorescence
enhancement. The Hoechst 33258 dye has been used
widely for staining the nuclei of living cells because they
are high membrane permeability. We have used this dye
because of its non-toxicity, ability to be excited by most
common light sources (i.e. argon/ion laser), and suitability
for multicolor imaging (large Stocke's shift). This dye
fluoresces strongly when bound to DNA, but are not visible
under transmitted light.
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Fig. 2. Absorption and emission spectra
of Hoechst 33258 bound to DNA
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Fig. 3. Absorption and emission spectra of Propidium lodide

To load the neurons with fluorescent dyes, the cells
were kept in the solution with the addition 5 pg/ml of a
fluorescent dye propidium iodide for 15min than it was
washed and kept in the solution with the addition 1 pg/ml of
a fluorescent dye Hoechst 33258 for 20 min. After staining
cells were fixed by the Aqua PolyMount solution.

For simulation the hypoxic state we used application of
the solution with low oxygen content. For lowering values
of pO; this solution for 15 minutes was subjected to
processing with nitrogen. Bubbles of nitrogen were passed
through the solution that create hypoxic conditions. We
used the polarographic method for a partial oxygen
pressure measuring within the cell washing solution.

Investigation of the survival of hippocampal neurons
was based on fluorescent detection by using confocal
microscope OLYMPUS FV1000. The dye Propidium lodide

was alternately excited by He-Ne laser at wavelength
545nm with emission detected from 595nm to 660nm; the
dye Hoechst 33258 was excited by Argon laser at
wavelength 350nm with emission from 420nm to 510nm.
The emission was detected by photomultiplier tube (PMT)
and then was transferred to a computer. Processing of the
data obtained were performed using ImageJ software
(National institute of health, USA).

Experimental results and discussion. Our
experiments were aimed to determine the rat hippocampal
neuron death in culture, which was treated with hypoxic
solution. Figure 4 shows phase contrast image of cultured
hippocampal neurons obtained with confocal microscope. To
do hypoxic conditions, the cells were incubated with nitrogen
saturated solution (30—40% hypoxia), and then were used
for the double staining procedure with two dyes that bind to
DNA: Hoechst 33258 and propidium iodide. Hoechst 33258
after binding to the DNA of living cells shows the blue spots
in the cell images (Fig. 4 A). In turn, propidium iodide — a red
fluorescent dye which is permeable only for dead cells (Fig.
4, B). Simultaneous staining by these dyes allows to
distinguish between living and dead (necrotic) neurons by
using a confocal laser scanning microscopy.

Based on our resulting images the population of
neurons was separated into three groups: live cells showed
only a low level of fluorescence; apoptotic cells showed a
higher level of blue fluorescence, and dead cells showed
low-blue and red fluorescence. The reddish-stained cells
are those which lost the intactness of their cell membrane
Propidium lodide gets into the cell and stain the nuclei in
red (necrosis).

According to resulting data the number of the necrotic
cells was 5%, number of apoptotic cells was 40% after
creating hypoxic state.

Fig. 4. The confocal microscopic image of the hippocampal
neurons stained by Hoechst 33258 (A) and PI (B).
Phase contrast image (left), fluorescent (right)

Conclusions. Investigation of the death of
hippocampal neurons under the influence of hypoxia by
using a laser scanning confocal microscopy was fulfilled.
According to our experiments after creating the hypoxic
conditions the number of the necrotic cells was 5%, and
number of apoptotic cells was 40% to compare the control
where the quantity of living cells were 94%. These data
indicate a high sensitivity of hippocampal neurons to
hypoxic conditions.
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KviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleBueHka
K. Fypxin, acn., O. llyk'sHeub A-p Gionor. Hayk, npod.
IHcTUTyT chisionorii iM. O. O. Boromonbus HAH YkpaiHu

AOCNIHKEHHSA CMEPTI HEAPOHIB rINOKAMNY NIA BMJINBOM FINOKCIE
3A OMOMOTr OO JIASEPHOI CKAHYIOUOT KOH®OKAJIbHOT MIKPOCKONIE

[MposedeHo docnidxeHHs1 cmepmi HeUpOHie eirokamy nid ernIueoM 2iroKcii 3a O0NOMOZ0K 11a3epHOI CKaHyHHOi KOHQbOKarIbHOI MiKpockoril. Bukopucmosyouu
rodsitiHe ¢hapbysaHHs1 KnimuH ¢briyopecueHmHumu 6apsHukamu rporidiym odud ma Hoechst 33258 ecmaHoeneHo, wo 15-xeunuHHa ea3oea 2iroKcis 8UKIuKae

3azuberib 5% HelipoHis i y 40% HellpoHig criocmepieaembCsi arornmos.
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THE RESEARCH OF THE IMPEDANCE CHARACTERISTICS
OF THE IMPATT DIODES IN AVALANCHE BREAKDOWN MODE
FOR USE THEM AS A SOLID SOURCE OF NOISE IN SUBMILLIMETER RANGE

This article presents the results of the calculation and measurement of impedance characteristics of single-drift silicon impact ionization
avalanche transit-time (IMPATT) diodes. Using the method of the CV characteristics the width of the depletion region, the avalanche
breakdown voltage and doping profile of diodes were defined. With the help of the theoretical calculation method the impedance of diodes
was calculated. Data is presented for further analysis and selection of diode impedance matching modes with the impedance of the
transmission line in a microwave chamber. IMPATT diode operates in avalanche mode, and is used as a solid-state source of noise in

submillimeter range.

Key words: submillimeter range, IMPATT diode, the coefficients of impact ionization, C-V characteristics, the profile diode doping, full

impedance, a solid state source of noise.

Introduction. In connection with the intensive
development of the submillimeter range and the creation of
highly sensitive receiver's application area of which
extends from the communication and radar stations to
radio astronomy, solid noise sources that intended to
calibrate and measure noise parameters of such receivers
are highly demanded.

It is convenient to use an IMPATT diode as an active
element of a solid-state source of noise, the supply voltage
of which is several times lower than in vacuum devices.
Thus, it is necessary to conduct a study of impedance
characteristics for further analysis and selection of diode
impedance matching modes with the impedance of the
transmission line in a microwave chamber.

For determination of the impedance and current-
voltage characteristics of diodes data from two methods

was used: theoretical and experimental. The experimental
method determines the diameter of the chip, the
avalanche breakdown voltage and the dopant
concentration using the CV diode characteristics; the
theoretical method determines the total impedance of a
diode and the diode matching method with the
transmission line in a microwave — chamber.

For experimental studies, IMPATT diode with beam
leads samples with a breakdown voltage U,1=8 V and
Up2=22 V volts were taken. The structure of the diodes
is single-span p+-n-n+, with an asymmetric sharp
p-n—transition and linear profile doping in n—area. Using
empirical formulas from [1], we find the dopant
concentration  in the n-field for two diodes -
Np1=1.53x10"" cm and Np2=3.75%10"® cm™
respectively. Knowing the concentration, we can

© Bychok A., Hayday Yu., Zorenko O., 2015



ISSN 1728-2306

PALIO®I3UKA TA EJIEKTPOHIKA. 1(23)/2015

~11 ~

calculate the width of the diode depletion region [5]. The
width of the depletion region W for two diodes with
concentrations given above Np1 and Np», is 0.06 pum and
0.11 ym respectively.

Also, using the empirical formula of [5], we find that the
maximum intensity of the electric field En, in both diodes —
6.1x10° V/cm and 5x10° V/cm respectively.

The measuring of the diameter of the mesa structures
of the diodes is made. They are d{=79.6 yum and
d»=52.7 ym for the two diodes, respectively.

The most important parameter of the p-n—transition, the
calculation of which is needed during the development and
research of devices with avalanche breakdown is the
avalanche breakdown voltage. The calculations of
avalanche breakdown voltage are the solution of the
inverse task of determining the concentration of impurities
in the lightly doped region.

Avalanche breakdown condition is the fulfillment of one
of the two equations given in [5] when ionization integral
equal to one.

Using the empirical formulas (1) and (2) from [2] that
describe the dependence of impact ionization coefficients
on the value of the electric field and temperature, we can
find the coefficients of impact ionization of electrons and
holes, as well as the breakdown voltage of two IMPATT
diodes from the avalanche breakdown condition.

1+6.25~10'4T}

a(E,T)—25(1+10'3T)exp{-141,43 . (1)

)

Then we have a,1=1.214, U,1=8.02 V and a,,=2.287,
Up2=21.99 V, respectively for two diodes.

For both considered diodes dependencies of the
coefficients of impact ionization and electric field distribution
in the n—area on the pitch over the length of the base of the
diode (the length of the bases for the two diodes L,1=260 nm
and L,,=880 nm divided by 100 parts) Fig. 1.

The electric field does not penetrate in highly doping
p'-area.

Using the results of measurements CV characteristics
we can calculate the width of the depletion region for both
diodes [5]. Then W wil be 0.08ym and 0.17 pm,
respectively. These values are somewhat more than
theoretically calculated, due to the closeness of empirical
formulas used, as well as the fact that initially we considered
dopant concentration constant within the limits diode base.

Also, we can calculate the concentration of impurities
Nx(i) in the base point i and the distance from the point
with concentration Ny to p-n—transition using the finite
difference method

4
B(E.T)=140(1 +1O‘3T)exp{-205.571+6'25E.10T}

[Cm +Cy,; ]3 4
, 2 C. C,.
N._(i)= 1+i 2+i 3‘
<) eegyA? ) Uy, U1+i] ©
. gggA
x(i)=—"— 4),
() (Cri+Coi) )

2
where Cq: and Cy. are the capacitance values of two
adjacent points, U2+ and Uq+ are the voltages in two
adjacent points, i=n-2 — the number of points, e — the
electron charge, € — the dielectric constant of silicon, €, — the
electric constant, A=(1rd%)/4 — square p-n—transition.

Then, from the formulas (3) and (4) we can plot of
dependence of the concentration of impurities in the point
from the distance to the p-n—transition, i.e. to get the profile
diode doping (Fig. 2).

We can see that the doping profile is complex and
differs from the flat. The choice of the creation of such base
doping profile of diodes was based on data from [6], order
to localize and reduce the multiplication region.
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Fig. 1. The dependence of the coefficient of impact ionization
(lower curves) and the values of the electric fields on the
selected step in n—areas for (a) diodes with Ny;=1.53x10"" cm™
and (b) diodes with N,,=3.75x10"® cm™

At low frequencies, the resistance of the IMPATT diode
Z4 is determined by the parasitic resistance of the passive
region Rs, which is connected with contacts, external
connections, and so on. as well as the resistance R,
which is connected with the space charge of the carriers. It
has to be said that the diode is created using membrane
technology and the thickness of the silicon in mesa-
structure is 10 ym.

Then, using the method with [4] for the first diode
Rs=0.02 ohm, Rs:=0.285 ohm and Z4=0.305 ohm, and for
the second one — Rs=0.046 ohm, Rs=7.50hm and
Z4=7.55 ohm.

In the high frequency range (operating frequency
F=300 GHz), the total impedance of the IMPATT diode is
described as shown in [3]. Resonance frequency of the
avalanche can be found by the parity
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o, = 204V, (5),

£€g
where ao — the derivative by the field of impact ionization
coefficient, vs — drift velocity of the saturation of the carriers
for silicon, Jo=lo/A — density of DC, lp — DC value for the
supply [1]. In our case 1p=100 mA.
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Fig. 2. The graph of the concentration of impurities
on the distance to the — transition for diodes
with (a) U,1=8 V and (b) Up2=22 V

Then, using the formula (5) and empirical formulas
of [1], it was possible to calculate the frequency of the
avalanche resonance F, for both IMPATT diodes. It was
97.6 GHz and 119.5 GHz, respectively. Then we can build
a dependence of the real and imaginary parts of the
impedance on the diode frequency (Fig. 3).

The impedance of IMPATT diodes on operating
frequency F=300 GHz are equal to Z=(0.014-0.273i) ohm
and Z=(0.035-2.13i), respectively.

We see that at frequencies other than the avalanche for
the investigated diodes the real part of the total impedance
is greater than zero, which indicates the absence of the
auto-generation and the possibility of obtaining an even
noise, also at the frequencies above 200 GHz.

Low-voltage diodes are better suited for use in noise
generator, as they have a high doping level, and thus the

high electric field breakdown. Then the quantity of carriers
that create a fractional noise — current fluctuations will be
greater than in the high-voltage diodes. Accordingly, the
spectral power density of the noise such diodes above.
Also, the length of the crystal for low-voltage diodes
smaller, which leads to a reduction in the negative
resistance region [4].
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Fig. 3. The dependence of the real and imaginary parts
of the impedance of the diode on the frequency for (a) diodes
with N,;=1.53%10" cm™ and (b) diodes with N;,,=3.75x10"® cm™

Conclusion. As a result of this work, profiles of doping
diodes were experimentally obtained. The use of CV
characteristics allows to accurately determining the
parameters of the diode in the pre-breakdown state. The
obtained values of resistance of the diode are low, and,
based on that, special diode impedance to the transmission
line in the microwave-camera matching circuit must be used.
A hybrid-integrated version represents a possible option [1].

On the basis of the data obtained conclusions on the
possibility of using solid-state diodes as sources of noise
submillimeter range were made.
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KviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleBueHka
3opeHko O., KaHA. TeXH. Hayk,
[ep>xaBHe NiaNPUEMCTBO HayKOBO-AO0CNiAHUNA IHCTUTYT “OpioH”

AOOCNIMKEHHSA IMNEAAHCHUX XAPAKTEPUCTUK JINA B PEXXUMI JIABUHHOIO NPOBOHO
AN BUKOPUCTAHHSA MOro B TBEPAOTINIbHOMY IDKEPENI LUYMY CYBMIJTIMETPOBOIO AIAMNA30HY

Y OaHiti cmammi euknadeHi pe3dyribmamu po3paxyHKy i 8UMIpo8aHb iMnedaHCHUX Xapakmepucmuk 0OHOOPeliho8UX KPEMHIEBUX /Ta8UHHO-NPOIbOMHUX diodie
(N1r14). Memodom sonbmaebapadHUX xapakmepucmuK 8U3HayeHi: WupuHa 36i0HeHol obriacmi, Hanpyaa nasuHHo20 npoboro i npoink neaysatHsi 0iodis. 3a doromMozor
meopemuy4Ho20 Memody nposedeHuli po3paxyHOK noeHo20 oriopy diodis. daHi Haso0simbcs Or1si odarnbwoeo aHaridy i aubopy pexumis y3200eHHs imnedaHcy diodie
3 oriopom niHii nepedaqi 8 HBY kamepi. JIM npautoe 6 pexumi riaguHHo20 npobor i 8UKOpUCMOBYEMBCS 8 sIKOCmi meepdominibHo20 Oxeperna wymy
cybminimemposo2o Oiana3oHy.

Knroqosi cnoea: cybminimemposuti diana3oH, J1M (naguHHo-rponimHut 8iod), koegbiuieHmu ydapHoi ioHizauii, sonbmaebapadHa (C-V) xapakmepucmuka, npogbins
niezysatHsi 0iody, rnosHull imnedaHc, meepAomirbHe GXXeperio Wymy.

Bbiyok A., acn., Fanaan 10., kaHA. pu3.-maT. Hayk,

kach. kBaHTOBOM paanodunsnku, dakynbTeT paanodusnkm, INeKTPOHMKNA U KOMMbIOTEPHbLIX CUCTEM
KneBckui HauMoHanbHbIN yHUBepcuTeT UMeHn Tapaca LLleB4eHko

3opeHko A., KaHA. TEXH. HayK,

FocypnapcTBeHHOe NpeanpusTMe Hay4yHo-uccrnenoBaTebCKUN MHCTUTYT “OpuoH”
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ucrionb3yemcsi 8 kadecmse meepdomeribHO20 UCMOYHUKA WyMa CyOMUuMemposo2o duarasoHa.
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ANALISYS OF UNIVERSITY STUDENTS GRADING AIMED
TO ECTS GRADING SCALE IMPLEMENTATION

Different patterns of students grading were detected for lecturers of Kyiv National Taras Shevchenko University by cluster analysis
methods. Clustering was performed according to k-means algorithm with Euclidean distance as the metrics. Also, the problems of
conversion of scores on criterion-based grading scales to ECTS grades are reviewed. Various ways of calculating the ECTS grades are
investigated, and practical algorithm of calculation is proposed.

Key words: students grading, clustering, k-means algorithm, ECTS grade, methods of calculating ECTS grades.

Introduction. Significant part of integration of Ukrainian
universities into  European education system s
implementation of a new Diploma Supplement of European
model, which uses the ECTS grading scale [1]. Nowadays in
educational institutions of the world there coexist several
different assessment systems of student progress:
evaluation on a 100-point scale, on different national scales
and on ECTS scale, which are not always successfully
combined, because of the fact that while grading student
progress on a 100-point scale or on a national scale,
lecturers do not always follow the normal distribution which
is necessary for ECTS scale, and different lecturers have
different criteria and methods of knowledge evaluation. One
of the ways of solving such problems is to use methods of
processing and analyzing data.

Experimental. To select the categories of lecturers by
their grading patterns, we assort them into appropriate
clusters using Data Mining methods. In our investigation,
lecturers of Kyiv National Taras Shevchenko University were
considered as objects for clustering (sample elements) on

the base of the students scores, rated by given lecturer.
Properties of these objects are percent of scores on a 100-
point scale within the ranges: 60-64, 65-69, and so on f{ill
95-100, critical ranges: 73-74, 88-89 and also precisely
scores of 60, 75 and 90, averaged for every lecturer by all
the subjects, taught by him/her during the entire period of
teaching at Kyiv National Taras Shevchenko University.
Such a choice was conditioned by relation of national 5-point
scale with 100-point scale as follows: 90-100 points on a
100-points scale corresponds to score 5 on the national
scale, 75-89 points corresponds to score 4, and 60-74
points corresponds to score 3 (Table 1).

Table 1
Correspondence between 5- and 100-point scale

Grade in 5-point scale Grade in 100-point scale

3 60-74
4 75-89
5 90-100

© Vasylets M., Udachyna A., Gryaznova V., 2015
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For dividing the lecturers into categories k-means
algorithm [2] was used. K-means algorithm allows to
distribute the objects under consideration into categories
(clusters), estimating the similarity of properties that
characterize these objects. The algorithm consists of the
following steps:

1. Definition of random initial cluster centers;

2. Determination of the cluster, to which the object
belongs, for every element of the sample;

3. Updating cluster centers, based on sample units
included in the cluster.

The algorithm terminates when the cluster centers are
unchanged.

As a space metric, in the process of calculations
Euclidean distance was used. Euclidean distance of the
object to a cluster center is calculated by the formula:

|3 P ™)
p= xi-c; P,
P21 ] ]

where is the j-th-property of the corresponding cluster center
¢, is the j-th-property of the sample element x, j=1,n,and n
is the number of the properties of a sample element.

The sample element is considered belonging to the
cluster with the nearest center. After distributing all of the
sample elements to the clusters, all the cluster centers are
updated so that centroids of the corresponding clusters
became the new cluster centers.

There is a problem of the optimal number of clusters
into which the sample divides. Optimum partitioning into
clusters was determined by estimating the mean square
error of clustering, defined as

k n
&= % 3 Ix-cf, )
j=1i=1
where is the j-property of corresponding cluster center c,
x,./ is the value of the i-th object in j-th cluster, nj — number

of objects in j-th cluster, k — number of clusters.

Obviously, the value of mean square error of clustering
decreases while number of clusters increases due to the
fact that increasing number of clusters leads to reduction of
their size, and therefore reduction of the distance from the
object to appropriate cluster center. But while the number
of clusters continues to increase, decrease of mean square
error of clustering becomes less intense and the clusters
become more similar to each other that cause the
emergence of excess clusters. The moment when
increasing the number of clusters still has significant
influence for reducing the mean square error can be
determined using so called elbow method [3].

Fig.1 shows the dependence of mean square error,
normalized to the range [0, 1] by feature scaling, on the
number of clusters for the data of RECS faculty. Number of
clusters, at which the curve "breaks" shows optimal
breakdown. As shown in the graph, curve has 2 breaks,
corresponding to 4 and 6 clusters. This behavior is typical for
our investigation and is caused by the choice of properties of
the objects (coordinates) used for clustering. As it was
mentioned above, the first 8 coordinates describe the overall
distribution of ratings in even ranges, and the last 5
coordinates clarify details of distribution: the use of threshold
percentage (60, 75, 90) and transitional (73—-74, 88-89)
points, so, as it can be seen later from Fig.5 (RECS faculty
clusters) break for 4 clusters correlates to the optimal
number of clusters considering the uniform distribution for
only 60—100 grades rating (first 8 coordinates) and 6 clusters
allow to consider features of patterns more precisely using
the whole scale of coordinates.

2 3 4 5 6 7 8 'k

Fig. 1. EIbow method illustration

Clustering was carried out separately for different
faculties of Kyiv National Taras Shevchenko University and
for the university as a whole. Results of the clustering
demonstrate that lecturers from the faculties of sciences
and lecturers from the faculties of arts possess different
patterns in grading of students progress. In particular, the
distribution of scores in faculties of arts patterns dominates
with the scores above 90 points on a 100-point scale,
whereas the patterns of scores distribution in faculties of
sciences are more diverse.

To show points in an n-dimensional space we use
parallel coordinates [4], so, a point in n-dimensional space
is represented as a polyline with vertices on the parallel
axes; the position of the vertex on the i-th axis corresponds
to the value of i-th coordinate of the point.

At faculties of arts there dominates the distribution of
scores patterns with the scores above 90 points on a 100-
point scale.

Fig. 2 shows the distribution of scores patterns at
historical faculty.

)
A
60 Hi
HE
45 3k
.'»(\’
¥ M A
30 /\-,
NS s\
. \
15 K| VP \‘/y'.
= SHAPN
o
ST oot o T O < o
GORE QDG N ®
OO ULOWLOL O ULO MO
O ONMNMNMOOOWOO O N~NO MNO®

Fig. 2. Historical faculty clusters

Fig. 3 shows the distribution of scores patterns at
institute of journalism.
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Fig. 3. Institute of journalism clusters



ISSN 1728-2306

PALIO®I3UKA TA EJIEKTPOHIKA. 1(23)/2015

~ 15 ~

Fig. 4 shows the distribution of scores patterns at
faculty of psychology.
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Fig. 4. Faculty of psychology clusters

At faculties of sciences the distributions of scores
patterns are more diverse:

= with domination of scores above 90 points on a
100-point scale (cluster A);

= with domination of scores 60-74 points on a
100-point scale (cluster B);

= with domination of scores above 75-89 points on a
100-point scale (cluster C);

= with almost equal scores 60-74, 75-89, 90-100
(cluster D).

Fig. 5 shows the distribution of scores patterns at
RECS faculty.
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Fig. 5. RECS faculty clusters

Fig. 6 shows the distribution of scores patterns at
cybernetics faculty.
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Fig. 6. Cybernetics faculty clusters

Fig. 7 shows the distribution of scores patterns at
mechanics and mathematics faculty.

75-79
80-84
85-89
90-94
95-100
88-89

Fig. 7. Mechanics and Mathematics faculty clusters

Substantial result achieved in above-mentioned
clustering process is that distributions of scores in patterns
corresponding to the clusters can differ in many ways from
the normal distribution, underlying the grading scale ECTS.
Taking into account existence of such different
distributions, we can conclude that usage of the same
algorithm for transferring grades on a 100-point or national
scales to ECTS grades can be unsuitable.

Besides the fact that there are different categories of
lecturers, and, therefore, the process of conversion the
scores on national grading scale into ECTS grades
becomes not so obvious, there also exist more problems
related with the fact that sometimes allocating the
necessary percentile groups of students is very difficult [5].
One of the problems arises when the group is small (for
example, 15 students), because in this case allocating the
necessary percentile groups is often impossible at all. The
main decision of the small group problem is to use
distribution of grades for a few years, that is more likely
resulting in a balanced outcome. Another problem arises,
when is not possible to form the necessary percentile
groups, as grade is basically subjective. It can be assumed
from empirical considerations that the grade on a 100-point
scale is determined with precision + 5%. In order to
consider this fact in our investigation, inaccuracy of size of
percentile groups (+5%) is allowed: grades “A” and “E”,
instead of 10%, can vary from 5% to 15%, grades “B” and
“D”, instead of 25%, — from 20% to 30%, grade “C”, instead
of 30%, — from 25% to 35%.

Due to the fact that inaccuracy of the size of percentile
groups is allowed, in this paper we compared three main
methods of calculating the ECTS grades, which resulted in
the formation of various distributions, namely (all percentile
groups are calculated with a tolerance of £5%):

= “A-E” the method in which ECTS grades
calculated from “A” to “E”, namely, at first there are
determined approximately 10% of the best students of the
group (grade "A"), then — about 25% of students who
receive "B", about 30 % of students who receive "C", about
25% of students who receive “D” and about 10% of the
worst students (grade "E");

= “E-A” the method in which ECTS grades
calculated from “E” to “A”, namely, at first there are
determined approximately 10% of the worst students of the
group (grade "E"), then — about 25% of students who
receive “D”, about 30% of students who receive "C", about
25% of students who receive "B" and about 10% of the
best students (grade "A");

= “A-E-C” - the method in which ECTS grades
calculated from edges to the middle (to “C”), namely, at first
there are determined approximately 10% best and worst
students of the group (grades "A" and "E", appropriately),
then — about 25% of students who receive "B" and “D”, and
at least about 30% of students who receive "C".
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Each percentile group is calculated as follows. At first,
distribution of grades is formed on the base of relation of
each grade of 100-point scale to the percentage of
students of group who received it. Depending on the grade,
from which the calculation begins (from grade “A” or “E”),
distribution proceeds accordingly (to grade “A”
descending 100-point grade, to grade “E” — ascending 100-
point grade). Then the necessary percentile group is
formed from the first grade in the distribution by gradually
adding the percentage of students who received the next
grade of the distribution until the percentile group will be
greater or equal to the necessary percentage. The next
step is to compare received group with the same group
without percentage of the latter grade in the distribution. At
this step, the group that has a smaller difference with the
sample percentage is chosen. Moreover, it is important to
check that the received difference of selected group would
not exceed 5%. If the difference is more than 5%, then
percentages of current and next ECTS grade are combined
and percentile group for the formed grade has to be
calculated. However, in this case there is a problem which
ECTS grade should be chosen for the selected in such a
way group of students. There are three different ways:

always to choose lower amongst the two grades (for
example, to choose “B” amongst the grades “A” and “B”),
always to choose higher amongst the two grades (for
example, to choose “A” among the grades “A” and “B”), to
choose that grade amongst the two, which is closer to the
"C* (for example, to choose “B” amongst the grades of “A”
and “B”, and “D” amongst the grades “D” and “E”).

Methods were used both on normal distribution of
ratings in the group, and distribution with the statistics for
two years (methods for this distribution with the word in the
title — Statistic).

As cost function that has to be optimized during the
research, thus determining the best method of calculation,
we propose to use the grade variance.

As at faculties of sciences the distributions of scores
patterns are more diverse, for the obtained 4 clusters
(with domination of scores above 90 points on a 100-point
scale; with domination of scores 60-74 points on a 100-
point scale; with domination of scores above 75-89 points
on a 100-point scale; with almost equal scores 60-74,
75-89, 90-100) were calculated ECTS grades by six
different ways (Table 2).

Table 2
Results for different types of distributions (the smallest cost function values are selected)
Claster A - Claster B — Claster C — Claster D —
Credit for the course exam for the course exam for the course exam for the course
Method "Digital Signal " o "Electricity and "Object-Oriented
P g Molecular Physics i i
rocessing (93 students) Magnetism Programming
(23 students) (99 students) (87 students)
A-E 13796.80 5192.67 676.15 1799.85
A-E-C 20568.11 5240.16 676.15 1854.40
E-A 7485.46 4769.15 672.69 7487.96
A-E Statistic 7189.71 5522.55 5699.53 12567.90
A-E-C Statistic 7189.71 5585.42 5753.99 12567.90
E-A Statistic 7189.71 10455.81 5696.67 12511.06

From the results seen for the cluster A of distribution
does not matter which method to use (A-E, A-E-C or E-A).
For the clusters B and C is the best method for E-A, and in
the case of the cluster D — A-E. Thus, for most cases, the
best method to use E-A, however, for even distribution
method should be used A-E.

To determine the limit of the number of students groups
for which statistics has to be used, we have calculated
ECTS grades using different methods for several cases. It
can be obviously seen from the results that for small
groups (less than about 25 students) calculations that use
statistical data for two past years is better, otherwise usage
of statistics is impractical because it requires additional
resources and results is not improved significantly.

In order to determine, what grade should be chosen in
case when it is impossible to select necessary ECTS grade

percentile group, we calculated the average value of each
percentile group for ECTS grades for the faculties and the
university as a whole by different methods.

As cost function at this stage we propose to use the

sum of squares of the differences of the received averages
and sample values of percentile groups of all the ECTS
grades. In that way, the smaller is cost function value, the
closer to the sample are percentile groups.
Results for historical, physical, law, philosophical, the
RECS faculties and for the university as a whole are given
in Table 3. Methods, designated by “Worse”, are those, in
which amongst the two grades always the lower has been
chosen, designated by “Better” — those, in which amongst
the two grades always the higher has been chosen, and
methods designated by “Middle” are those, in which the
grade closer to the "C* has been chosen amongst the two.

Table 3
Results by faculties (the smallest cost function values are selected)

Method Fi:i::tlg;’f Fgﬁ;:& :f Faculty of Law PFrE‘I::sI?p’;:/ RECS Faculty University
A-E Better 36.87 75.72 43.81 50.00 31.99 47.60
A-E Middle 87.80 41.53 77.24 35.06 24.69 46.79
A-E Worse 67.90 37.78 83.63 50.51 91.98 59.24

A-E-C Better 291.39 194.56 163.79 214.21 120.48 167.76
A-E-C Middle 254.75 199.81 129.39 160.08 120.84 133.72
A-E-C Worse 282.95 241.73 144.81 194.80 166.00 167.12
E-A Better 212.31 135.85 105.34 133.16 77.65 101.32
E-A Middle 229.41 155.16 131.59 107.83 58.34 91.32
E-A Worse 34.67 25.83 23.84 19.38 31.75 22.58
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The results show that mainly the best method of
calculating ECTS grades is the method named “E-A Worse”.

Conclusions. Although ECTS is convenient, it has its
drawbacks. Data Mining enables to analyze deep enough
the different situations that may arise while transferring the
grades from the national to the European scale, and find
an algorithm that solves possible problems. It can be
concluded that mainly expedient is to use a method of
calculation, from ECTS grade «E» toward the ECTS grade
«A», and if it turns out that grade is controversial, then the
lower grade of the two has to be chosen. Also, when the
number of students in the group less than 25, use
distribution with statistics for two years is more likely
resulting in a balanced outcome.

REFERENCE

1. European Commission. ECTS Users' Guide. // Luxembourg: Office
for Official Publications of the European Communities, 2009. — 60 pp.

2. Hartigan J. A. Algorithm AS 136: A K-Means Clustering Algorithm /
J. A. Hartigan, M. A. Wong // Journal of the Royal Statistical Society. Series
C (Applied Statistics). — 1979. — Vol. 28, Ne1. — P. 100-108.

3. Hastie T. Estimating the number of clusters in a data set via the gap
statistic / T. Hastie, R.Tibshirani, G.Walthe // Journal of the Royal Statistical
Society: Series B (Statistical Methodology). — 2001. — Vol. 63. — Issue 2. —
P. 411-423.

4. Wegman E.J. Hyperdimensional Data Analysis Using Parallel
Coordinates / E.J. Wegman // Journal of the American Statistical
Association. — 1990. — Vol. 85. — Issue 411. — P. 664—675.

5. Lieponiené J. The Grades Transfer from One Grading Scale to Other
Algorithmization / J. Lieponiené, R. Kulvietiené // Informatics in Education. —
2011, Vol. 10, Ne2. — P. 233-244.

Submitted on 18.06.15

Bacuneub M., cTya., YaauuHa A., cTya., MpasHoBa B., aou., kaHA. dis.-mat. Hayk

®dakynbTeT paniodisavkn, eNeKTPOoHiK1 Ta KOMN'IOTEPHNX CUCTEM
KuiBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleByeHka

AHANI3 OUIHHOBAHHSA CTYAEHTIB YHIBEPCUTETY
3 METOHO BNMPOBAIKEHHA CUCTEMU OLIHHOBAHHSA ECTS

Knacucgpikauisi suknadadie Kuiscbkoeo HaujoHarbHo20 yHieepcumemy imeHi Tapaca LllesuyeHka 3a xapakmepom OUiH8aHHs! ycriuHocmi cmydeHmie Memoodamu
KrracmepHoe2o aHanisy. Knacmepusauisi 6yna nposedeHa 3a 00rnoMozor an2opummy k-cepedrix 3 Eeknidogoto sidcmarHIo y sikocmi Mmempuku. Posensid npobnemu
riepesedeHHs1 banie 3i 100-6arnbHoi Wwkanu ouiHroeaHHs1 0o wkanu ECTS. [ocnidxeHHs1 pisHux criocobig pospaxyHky ECTS.

Knroyoei croea: oujHtosaHHs cmyOeHmis, Kriacmepusauisi, anzopumm K-cepedHix, wkana ECTS, memodu po3paxyHky ouiHku ECTS.
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KueBckuit HauMoHanbHbIN YHMBepcuTeT UMeHUn Tapaca LlleByeHka

AHAJTN3 OLLIEHUBAHWSA CTYAEHTOB YHUBEPCUTETA
C UE/N1IbIO BHEAPEHUSA CUCTEMbI OLLEHUBAHUSA ECTS

Knaccucpukayusi npenodasamerneli Kuescko2o HauuoHambHO20 yHugepcumema umeHu Tapaca Llleg4eHKo Mo xapakmepy OueHusaHusi ycriegaemocmu
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EFFECT OF IRREGULAR ARRAYS OF METALLIC NANOSTRUCTURES
ON TRANSMISSION CHARACTERISTICS OF MICROWAVE FILTERS

We report the results of experimental studies of physical properties of irregular arrays of metallic nanostructures and their impact on the
transmission characteristics of microwave filters based on YIG. Investigations were conducted on the YIG filims with the use of
electromagnetic waves in 6 centimeter wavelengths range. The effect of partial metallization of the films on the amplitude-frequency
characteristics (AFC) and the response capacity of the films formed with nanostructures was studied. The peculiar features of the effect of
the partial metallization on the width of ferromagnetic resonance line and shape of the AFC curve has been clarified, which is an important
task for the construction of microwave filters on magnetostatic waves (MSW). The results of investigations were verified and additionally
analyzed using atomic force microscopy (AFM).

Key words: Spin waves, yttrium-iron garnet, magnetic nanostructures, dipole-exchange spin waves, wave front reversal, microwave filter.

Introduction. Study and application of ferromagnets
and ferrites in ultra-high frequency range (UHF) occupy a
leading position in solid state physics. Ferrite and
ferromagnets have several significant advantages over
traditional UHF materials. This is wide frequency
waveband, the ability to easy control the dispersion
characteristics, and others. The main and indisputable
advantage of ferrites is strongly expressed nonlinearity.
Some nonlinear effects occur even when input UHF signal
is of several microWatts. Creating a unique ferrite —
yttrium-iron garnet (YIG) — was a great breakthrough in
science of UHF materials. YIG grown by epitaxy has a
record low value of attenuation in the centimeter range of
wavelengths. A number of nonlinear devices, such as UHF
signals power constraints, noise suppressers, regenerative

amplifiers, active and passive delay lines and others, were
developed on the basis of ferrites.

The ability to create specific periodic structures
(magnetic dots) based on thin magnetic films appeared
with the development of nanolithography technology [1, 2,
4, 6]. The unique magnetic properties of submicron
planar magnetic  objects and their two-dimensional
arrays, attracted the attention of many researchers due

tothe possibility of usingthe potential of such
structures in magnetic  memory devices. In these
structures, a specific inhomogeneous distribution of

magnetization, the so-called magnetization vortex, may be
realized. Although this phenomenon was predicted by
Hubert in 1998, the current interest arose because the
vortex can be the ground state in nanostructured magnetic

© Vladymyrskyi A., Malyshev V., Goriachko A., Moiseienko V., Matviyenko A., Tovstolytkin A., 2015
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particles. Spin waves can propagate in cylindrical
nanostructures. However, the nature of these waves
depends on the geometrical dimensions of nanoparticles -
thickness L and radius R. Even in thin disks (L/R<0.1)
the finiteness of the radius of nanodot should be taken into
account. This leads to the fact that:

= waves with longitudinal wave vector appear that
form radial standing spin waves;

= demagnetization factor and internal magnetic field
become functions of the radial coordinate.

As a results, the resonances are almost equidistant, unlike
quadratic Kittel's dispersion law.

Electronic beam epitaxy is quite expensive method to
fabricate nanodots. For this reason, we proposed an
alternative method which includes growth and investigation
of irregular (non-periodic) arrays of magnetic nanoparticles.
The structures of such kind can be fabricated on a surface
of yttrium-iron garnet film grown on a substrate from the
gadolinium-gallium garnet (GGG) by magnetron sputtering
with the use of a VUP-5M installation. In the experiments,
nonmagnetic Cu was used as the material of irregular
metallic arrays.

This work is devoted to the experimental investigation
of physical properties of irregular arrays of metallic
nanostructures and their impact on the transmission
characteristics of microwave filters based on YIG.

To form Cu island films, a magnetron vacuum
evaporation installation VUP-5M was used. At the first stage,
two witnesses — the first on the dielectric substrate, and the
second on quartz substrate with preliminary deposited Pt
layer (100 Angstroms) — were loaded to VUP-5M. The
distance between Cu target and substrate was 45 mm.

0.5um

0.4

0.2

0.5um

0.4

0.2

Fig. 1. AFM image of the Cu/ YIG film surface before
and after sputtering: (a) clean YIG surface, (b) metallized surface

Working modes during sputtering were: Upjasma = 350 V,
lpiasma = 250 mA, the pressure of Ar in the vacuum cell —
5102 Torr. Sputtering time — 60 s. The thickness of the films
obtained, measured with the use of interference microscope
Mil-4, was 300 Angstrom, which made it possible to
determine the the rate of sputtering: 5 Angstroms/s.

It is known that coalescence of Cu nucleation centers,
their growth and formation of continuous film occur at a
nominal film's thickness of about 15 Angstroms [3]. Thus, a
sputtering time required for the formation of Cu islands on
the surface of YIG film was determined to be 3 seconds.

Fig. 1 shows typical AFM image of the film's surface
before and after sputtering.

The topology of pure YIG surface for the film with
thickness of 14.6 microns is shown in Fig. 1 (a). It is
characterized by a large number of granules (grains) with
a height of about 500 nm and an average size of 1 mkm?.
Fig. 1 (b) shows that greater part of cavities is filled with
Cu atoms and the surface of the YIG film become
smoother. As a result of the Cu deposition, the number of
grains was reduced by about 1000 times, and the height
of max grain was equal to 390 nm with an average grain
size of 0.04 mkm?.

The next step of Cu / YIG nanostructures investigation
was to study the impact of sputtered Cu nanoislands on
amplitude-frequency characteristics (AFC) of films for such
geometries as bulk volume (BVMSW) and surface (SMSW)
magnetostatic waves.

To do this, a set of YIG films with thicknesses of 5 to 64
microns was analyzed for comparison a frequency response
for films with and without deposited nanostructures (as this
was done in Ref. [5]). Research was carried out on the
panoramic VSWR meter and YA2R-67 attenuator with
oscillatory frequency generator calibrated for research on
transmission. AFC response was recorded with an
oscilloscope Tektronix TDS 3032B. Samples were placed
between the poles of a permanent magnet with an external
magnetic field magnitude of 930 Oe, so that the excitation
conditions fulfiled BVMSW and SMSW.

The results of experimental investigations of AFC
response for both BVMSW and SMSW field geometries are
shown in Fig. 2 (a) and Fig. 2 (b), respectively.
Investigations were conducted on the YIG films with
thicknesses of 14.6; 15.97, 16.7 and 64 micron with the
use of electromagnetic waves in 6 centimeter wavelengths
range. Such film's thicknesses were selected for sputtering.

It should be noted that to make easier the curves
comparison, all curves were normalization to their max
value. Thus, the comparison of experimental AFC
response graphs before and after sputtering makes it
possible to conclude that the nanostructured arrays of Cu
were actually formed on the surface of a YIG thin film and
this led to appearing of additional peaks and increase of
the bandwidth of AFC response for these types of waves.

Also Fig. 2 (b) shows that in SMSW geometry, this
effect was much more pronounced than in BVMSW one.
AFC has undergone significant modification: it attained a
form inversion, much deeper cuts on the curve (many
resonances) and expanding bandwidth for SMSW.
Bandwidth of 5-7 dB was observed for Cu / YIG films,
which is better than for similar films without nanostructures.
This can be explained by the fact that the metallization has
a much greater impact on the distribution of MSW on the
surface of the sample than on its volume.

It has been verified as cutting presenting on the AFC
response associated with the passage of MSW on the film.
For comparative used rectangular microwave pulse, which
was applied to the data structure and thus changed the
magnetic field around the range is developed for the
existence of this wave of microwave frequency waves. A
comparison was observed that pure YIG film passed the
maximum amplitude of the signal was observed only once
for the entire range of the magnetic field, and for films with
nanostructures such highs were 3—4.
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Fig. 2. AFC of Cu/ YIG films before (solid line)
and after (dashed curve) copper deposition. Data in (a)
obtained for BVMSW geometry, and (b) for SMSW geometry

These experimental studies have been confirmed in all
samples with nanostructures. And the signal completely
disappeared and again appeared. These results also
confirm that the Cu changed the conditions of microwave
signals MSW passage in waveguide based in thin YIG.
These properties of nanostructures can be used for
construction of microwave filters based on MSW.

The last step was to determine the influence of nano-
island metallization on MSW dissipation in thin films of YIG.
To do this, the approach described in Ref. [8] was used. The
approach is based on the determination of FMR line width
resulted from the analysis of spatial coefficient of MSW
attenuation. This coefficient was calculated by means of
linearization of dependence of WFR signal's power on the
time from the input of an electromagnetic pumping to the
parametric system with open dielectric resonator (ODR) and
YIG film. The linearization was conducted for large values of
the time from the input of an electromagnetic pumping,
which corresponded to wavefront reversal (WFR) for dipole-
exchange spin waves (DESW).

Measurements were carried out on an experimental
section described in [7]. It consists of a YIG film mounted in
an ODR and placed on two, formed by photolithographic
method, input and output microstrip antennas, a width of
25 ym with lead lines. The distance between the antennas
was 6 mm. The test sample of the ferromagnetic film of
1.5 mm in width was cut from a single-crystal YIG film
(5.1 uym in thickness) with low magnetic losses
(AH =0.30e¢ ). The film was grown on a GGG substrate

by liquid phase epitaxy. Saturation magnetization of the
film is 1750 Gauss. The film was magnetized to saturation
by a bias magnetic field Hp = 930 Oersteds, which was
applied in the film plane in the direction of wave
propagation. Measuring section is located at the output
flange of 3 cm waveguide of pumping channel by which the
pumping signal was brought into the system. As the
pumping source was used pulsed magnetron M857.

Maximum impulse power of the pumping signal at the
output flange of the pumping channel was 7 Watts.

In the process of measurements, the following
processes occur in the film: microwave generator and
additional high-speed modulators generate microwave
signal pulse which is applied to the input microstrip
antenna converter. The latter excites BVMSW or SMSW in
the film, which propagates along the film. As a result of two
magnon scattering on film inhomogeneities, a slow DESW
appears, whose wavelength is much longer than
BVMSW/SMSW.

If after some specific time (longer than time phasing,
but less than relaxation time), an external electromagnetic
radiation with double frequency (f, =2f;) acts on DESW

through the open dielectric resonator, this will result in the
pumping of the parametric interaction with DOSH, there
appear inverse DESW.

They move to the same irregularities and can form, due
to the reverse process, BVMSW/SMSW that comes back
and, as a result, an antenna input signal appears which is a
delayed spin-wave echoes. After two stages of amplification,
these signals are fed to the semiconductor detector, where
their envelope was registered with an oscilloscope Tektronix
TDS 3032B. WFR signal and the amplified signal are
suitable for research, but because it is more convenient to
use only one input antenna, all subsequent measurements
we performed for the WFR signal.

The carrier frequency signal and pumping respectively
have the following values: f, =4705 MHz, fp =9410 MHz.

Power of input signals was P,=-75 dBm, pumping

P,=-7.5 dBm. The duration of the input signals was

1, = 90 ns, duration of the pumping 1, = 80 ns.
The results of experimental studies, depending on

signal power BWF time filing electromagnetic pump, ar
shown in Fig. 3.

1,0
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< L
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04
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0,0 | AH = 0,454+/-0,018 Oe

0 200 400 600
Pumping delay, ns

Fig. 3. Experimental BWF signal power depending
on the time of the filing of the electromagnetic pumping
pure YIG film and metallized by nanoislands of 300 angstroms
in size. The film thickness is 14.6 microns

Thus, using the method described above, it was
determined that the FMR line-widths for pure YIG film and
metallized by the copper islands of 300 angstroms in size
are equal to 0.454 Oe and 0.425 Oe, respectively. Partial
metallization of such kind results in 5-7 dB improvement of
transmission characteristics of YIG films, as described
previously, by means of modifying the shape of the curve
response. It should be noted that these results are a
significant confirmation of the advantages of this
technology for the manufacture of nanostructures, which is
cheaper than e-beam epitaxy.

The sputtering of Cu nanoislands on YIG films was
carried out in the Institute of Magnetism of the NAS of
Ukraine and MES of Ukraine.
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Bnagumupcbkun A., ctya., Manuwes B., acucT., Mlopsayko A., kaHa. di3.-maT. Hayk, MoiceeHko B., npoB. iHX.
kadpeapa HaHopi3MKKU Ta HaHoeneKTPOHiku, KuiBcbkuii HauioHanbHUI yHiBepcuTeT im. Tapaca LLleB4yeHka,

MaTtBieHko O., NpoB. iHX., ToBcTonuTKiH O., npod.
IHcTuTyT MmarHeTnamy HAH Ykpaiiu Ta MOH Ykpaiuu

AOCNIMKEHHSA ®IZUYHNX BNACTUBOCTEN
HEPEIYJZI1PHUX MACUBIB MATHITHUX HAHOCTPYKTYP

HaeedeHo pesynbmamu ekcriepumeHmarnsHUX OOCITiOXeHb (I3UYHUX enacmueocmeli Hepe2ynspHUX Macusie MazgHimHUX HaHOCmpyKmyp ma Ix ennuey Ha
repedamoyHi xapaKmepucmuKu MIKpoxXeuribosux chinbmpig Ha 6asi nnisok 3II. [docnidxeHHs1 nposodunucsi Ha nigkax 3l 8 wecmucaHmumemposomy Oiana3oHi
doexuH xeurb. ocridxeHo erug Yacmkosoi Memarizauii Ha goopmy kpusoi AYX ma nportyckHy 30amHicme 60K ymeopeHoi HaHocmpykmypu. BusHayeHo, ssKkum
YUHOM Yacmkoea Memarizauisi ernnueae Ha wupuHy miHif ®MP ma ghopmy kpusoi AYX, wio e saxrnueoro 3adayqeto 0r1s1 nobydosu HBY hinbmpie Ha MasHimocmamuyHux
xsurisix. Pesynbmamu docridxeHb rnepesipsinuce ma aHarnidysarnuch 3a 00[TOMO200 amoMHOI CUIO80I MIKPOCKOTII.

Krro4oei cnoea: criiHosi xeuri, 3arni3o-impiesuti gpaHam, MazHimHi HaHOCMpPyKmypU, QUOsIbHO-0OMIHHI CrIIHOSI X8UrTi, 0BepHEeHHS X8uUrb08020 ghpoHmy, HBY gbinbmp.

Bnagumupckui A., ctya., ManbiweB B., acuccrt., Mopsayko A., kaHA. ¢hus.-maT. Hayk, MoliceeHko B., Bea. MHX.
kacheapa HaHOU3NKKN Ta HaHOeNeKTPOHUKKU KneBckuin HaunMoHanbHbIN yHuBepcuteT uMm. Tapaca LlleByeHko
MaTBueHko A., Bea. MHX., TOBCTONUTKUH A., npod.

WHctuTyT marHetnama HAH Ykpaunbl u MOH YkpaunHbl

MCCNEQOBAHUE ®U3UNYECKUX CBOICTB
HEPEIYJ1IPHbIX MACCMBOB MAHUTHbIX HAHOCTPYKTYP

lMpusedeHb! pe3ynbmamsl 3KcrepuMeHmarnbHbIX uccnedosaHull (huu4ecKUx ceolicme Hepez2ynspHbIX Maccugo8 MagHUMHbIX HAHOCMPYKMypP U UX 6MUsHUSI
Ha repedamoyHble Xapakmepucmuku MUKPOBO/IHO8bIX hunbmpoe Ha 6ase nneHok MUI.  UccnedosaHuss nposodunuck Ha rnneHkax XUI e
wecmucaHmumMemposom duara3oHe OrUH 8011H. MccriedosaHo enusiHue Yyacmuy4Hol Memarnnusayuu Ha ¢hopmy kpusol AYX u npornyckHyto criocobHOCMb MneHOK
obpasosaHHOU HaHocmpykmypbl. OnpederieHo, Kakum 06pa3oM yYacmuyHasi Memasnniusayusi enusem Ha wupuHy nuHuu ®MP u ¢bopmy kpueol AYX, umo
sensiemcsi gaxHol 3adaveli Onsi nocmpoeHuss CBY cbunbmpos Ha MasHUMOCMamu4yeckux 6osHax. Pesynbmambl uccriedosaHull Mposepsnucs U
aHanu3uposeasnuck ¢ MOMOWbIO amOMHOU CUI080U MUKPOCKOMUU.

Knrodeebie croea: CriuHoBblE B01IHbI, KeNes30-Uummpuesbili 2paHam, MagHUMHbIe HaHOCMPYKMmypbl, OunobHO-0OMeHHbIe CrUHO8bIE B0JIHbI, obpawjeHue

80s1H08020 (hpoHma, CBY churibmp.
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Kharkov National University of Radioelectricity

PROVIDING CONTROL OF THE POLARIZATION INSIDE THE RESONATOR FIBER RING LASER

This paper presents the implementation of the mode-locked fiber laser ring by nonlinear rotation polarization (NPR). This method is
implemented using liquid crystal (LC) cells, which control the polarization of laser light by applying them an alternating signal. It was also
conducted experiments of interaction of laser radiation (wavelength 1550 nm) from the LC cell. It was built and research diagrams the

stability of the polarization in the fiber ring laser.

Key words: fiber laser, liquid crystal cells, femtosecond pulses, control voltage, wave plates, mode locking.

Introduction. At present there is a lot of fiber lasers
that operate in the mode-locking. These lasers are used in
metrology, spectroscopy, THz generation, micro
processing, microscopy and other. Mode locking can be
passive and active. The advantage of passive mode
locking consists in availability of optical components. Fiber
ring laser with passive mode locking can reach the shortest
pulse durations — tens femtoseconds. Usually, passive
mode locking of fiber lasers is achieved by nonlinear
polarization rotation. Therefore, the main task for the
creation of such lasers is to improve and implement a new
approach to the establishment of mode locking.

Mode locking of laser. Generation of dissipative
solitons and comprehensive study of the physics of the
process of their formation, preceded the advent of lasers,
preceded the appearance of lasers that operate in the
mode-locked and generate ultrashort pulses. In a simple
laser longitudinal modes propagate independently of one
another in the cavity. It looks like a set of independent
lasers that operate at different frequencies. The individual
phases of the light waves in each mode are not fixed and

may change randomly, is the result of factors such as
thermal vibrations of the laser design, mechanical vibration
and others. The lasers are supported by only a few
oscillating modes, the interference between the modes can
cause the effect of beating on their outputs. This leads to
random fluctuations of intensity. The lasers, which
propagates thousands of modes, these interference effects
are generally averaged out to a constant intensity. This
mode of operation is called a continuous wave. The electric
field of pulsed radiation in which the laser modes are not
synchronized, can be written as:

N
E(t)= > A, cos(wy + MAot +¢,,) (1
m=1

where ¢,, - phase of the laser mode, Aw=2nc/2 - the

distance between modes (for ring resonator) ,
Aw=mc/2 -the distance between modes (for linear

resonator). If ¢;=9, =9y =0 and A=A, =Ay=E;, the

formula that describes the electric field in the mode-locking
is written as follows:

© Gnatenko A., Machekhin Yu., Vasko K., 2015
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osec(ATmt)cos((nOt) (2)

If each mode will oscillate with a fixed ratio between its
phase and the phases of the other modes, the output of the
cavity formed by a short pulse of high intensity. Modes
laser will periodically interfere with each other, creating a
burst of intensity, fig. 1. This type of laser will be called
laser mode-locked.

VAV

Time

Fig. 1. Interference of longitudinal modes
of the laser resonator

Pulse period T will be equal to the period bypass: for a
ring resonator T =Ln/c, for linear resonator T=2Ln/c,
where L - cavity length, n - refractive index of the optical

medium, ¢ - speed of light. This time corresponds to the
frequency interval between any two adjacent modes
Av=1/T . The duration of each light pulses is determined
by the amount of modes that oscillate with identical phase
(but in reality do not always laser modes are synchronized
in phase). If N of modes is synchronized with a frequency
interval Av, the total width of synchronized modes
corresponds AvN and this value is the greater, the shorter
the duration of the laser pulse. In practice, the actual pulse
width is determined by the shape of each pulse, which in
turn is determined by the exact ratio of the amplitude and
phase of each longitudinal mode. Limiting the duration of
the pulse 1 is related to the spectral width v of the
generated radiation (3):

vix>k, 3)
where k - correction coefficient associated with the pulse
shape, for example a Gaussian pulse, k=0.441, and for
the pulse-shaped square hyperbolic secant k=0.315.

This section has been described mode locking lasers.

Erbium fiber ring femtosecond laser. Figure 2
depicts diagram of a typical erbium-doped fiber
femtosecond laser that operates in the mode-locked by the
method of nonlinear polarization rotation.

Nonlinear rotation of the polarization is carried out by
rotating the set of wave plates in space.. There are
several schemes of erbium-doped fiber femtosecond
laser using a different set of plates. Scheme shown in
fig. 2 has a big disadvantage - it is the instability of work.
Any movement of the fiber, temperature change or switch
button pump can lead to loss of mode locking and loss of

generation. As a result, in practice, quarter- and
half-wave plates inside the cavity need to be adjusted
from time to time, either manually or automatically (e.g.,
using motorized holders). This is a significant drawback of
NPR mode locking, since it requires continuous
maintenance (manual plates adjustment) or increases
overall laser cost (automatic plates adjustment). Passive
mode locking using saturable absorber also require
proper adjustment of the polarization inside the cavity to
obtain mode—locking [2, 4]. Although, some
configurations based on polarization maintaining (PM)
fibres were demonstrated [3], high cost of PM optical
elements is their significant drawback. However, the
output characteristics of these lasers is worse than that of
lasers with nonlinear polarization rotation. Therefore, we
suggest using the method of nonlinear polarization
rotation mode locking without the wave plates. Instead,
we propose to apply the liquid crystal cells that are
controlled by an electric signal.

Wave
~__ plates

Wave
plates

a1 MHD e

<: PBS
=S _ e |PUMP ]
WDM

1ISO
FAE

Fig. 2. Scheme of a typical erbium-doped fiber ring
femtosecond laser: PBS — polarizing beam splitter;
EDF - erbium-doped fiber; WDM - device for input radiation
into the resonator; ISO - optical isolator;

PUMP - diode pumping at 980 nm

Application of liquid crystal cells in the scheme
with nonlinear rotation polarization. Scheme with the
liquid crystal cell shown in figure 3.

Fig. 3. Scheme fiber laser with LC cells:
1 - LC cells; 2 — collimators; 3 — device for input radiation
into the resonator; 4 — control system for LC cells;
5 — one meter of erbium doped fiber.; 6 — optical isolator;
7 — polarizing beam splitter; 8 — diode pumping at 980 nm;
9 - radioation with a wavelength of 1550 nm.

In contrast to the wave plates LC cell are immune to
many types of interference. Therefore, using a liquid crystal
cells does not require constant adjustment of
synchronization modes as is the case with wave plates.
Liquid crystal cells operate in the wavelength range 1530—
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1560 nm and a manipulated variable signal with a
frequency of 1 kHz. The amplitude of the signal is adjusted
in the range from 0 to 10 V. When we provide the electric
field on the LC cell, it is deformed. That is, it changed at the
angle of inclination of the internal elements. Figure 4 shows
the variation in the intensity of the transmitted light through
the LC cell. That is an effect of polarization rotation. Study
transmittance LC cells was performed using the stand
shown in Figure 5. By means of this experiment, we
verified the proper operation of the cell, i.e. they can rotate
the polarization. In our scheme, we use the four LC cells to
fine tune the mode locking.

350 I, rel. un.

300 = r S
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Fig. 4. The light transmittance of the LC cell depending
on the applied AC voltage

2 1 Ea
1 B

Sl e

@ [

Fig. 5. The stand for investigation of the influence
of the LC cell to laser radiation : 1 — source of radiation at
a wavelength of 1550 nm; 2 — collimator; 3 — polarizing plate;
4 - LC cell; 5-recording unit; 6 — control block for LC cell

Diagrams stability. However, studies conducted in
the previous section insufficiently. In this section, we
present stability diagrams [1] of polarization for the schema
of the laser with nonlinear polarization rotation. Figures
6-9 show the area of stability depending on the angles of
rotation of polarization at each of the controllers, where a1,
a2, a3, a4 — the angles of rotation of the polarization in the
first, second, third and fourth polarization controllers. But
also in these graphs, you can see the local maximums, this
is the best area of stability. They are achieved in a very
small range of angles of rotation of the polarization. It is
easy to notice that when applying the wave plates, setting
mode locking the laser will be carried out with great
difficulty and great expense of time.

Therefore, we propose to replace a number of wave
plates in the LC cells by which to manage the polarization
by an applied electric field to them. The voltage can be
changed to several decimal places, provides the best
stability polarization for mode locking.
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Fig. 9. Diagram stability when a1 = 45 deg,a4 = 45 deg

Conclusions. In this paper we were investigated the LC
cell to control the polarization of the laser emission. These
results serve to create an annular femtosecond fiber laser
with passive mode locking, which is adjusted by applying an
electrical signal of the LC cell. It is assumed that such a laser
is easy to set up and stable work, regardless of external
influences, such as micro-vibration, temperature drift diode
pumping or simply pressing the power of the laser. Also, we
calculated and analyzed the stability diagram of the
polarization. Due to effect of the nonlinear rotation
polarization can be achieved to mode lock in a ring fiber
laser with a pulse duration of femtosecond order.
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Another important point is that the use of LC cells are
cheaper than the use of high-precision motorized rotating
systems. It is also a great advantage our design before
others, that are used in various fields of science and
technology, in particular optical information technology, that
operate in the telecommunications C-band.
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kad. i3nYHNX OCHOB eNeKTPOHHOI TeXHIKMU, haKynbTeT eNneKTPOHHOI TEXHIKH,

XapkiBCbKWUIA HaUioHanbHWUW YHiBEpCUTET paaioeneKTPOoHiku

3ABE3MNEYEHHSA KOHTPOJIIO MOJNISIPU3ALITT
BCEPEAWHI PESOHATOPA BOJIOKOHHOI'O KIJIbLIEBOI'O JIASEPA

Y uiti cmammi npedcmaeneHa peanizauisi CUHXPOHI3auii MO0 KirbUego20 80/IOKOHHO20 flazepa MemoOOM HeniHiliHoeo obepmaHHs nonspu3sauil. Lieti memod
peanizogaHuli 3a Ooriomoeoro piokokpucmanidHux (PK) Komipok, siki yrpaensiome rnosspusauiero 1a3epHo20 BUNPOMIHIO8aHHS WIISIXOM rodadi Ha HUX 3MIiHHO20
cueHany. Takox 6ys nposedeHul excriepeMeHm o 83aemolii nasepHo20 8unpomiHiosaHHs1 (GoexuHoro xeurti 1550 HM) 3 PK komipkoro. Bynu nobydosaHi ma
docnidxeHi Oiaepamu cmabirbHicmb nosspu3auii 8 B0TOKOHHOMY KiflbuegoMy nasepi.

Knroyosi criosa: 8orokoHHUL na3sep, piOkokpucmarnidHi KOMIPKU, gheMmoceKyHOHI iMIyrbCu, Kepy8aHHs Harpyaoro, X8UrTb08i MIacmuHU, CUHXPOHI3auisi MOO.
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OBECMEYEHUE KOHTPOJIA NOJIAPU3ALINN
BHYTPU PE3OHATOPA BOJIOKOHHOI'O KOJIbLIEBOI'O JIA3EPA

B amol cmambe npedcmaesneHa peanu3ayusi CUHXpOHU3aUuU MO0 KOrbUego20 80I0KOHHO20 rla3epa MemodoM HEeUHEeUHO20 8palyeHust nosspusayuy. dmom
Memo0 pearnu3osaH C MOMoOWwbio XuoKokpucmannudeckux (XKK) sieek, Komopble ynpasnstom rnonspusayuell r1a3epHo20 U3MyYeHusi nymem rnodaqu Ha Hux
repemeHHo20 cueHana. Takxe bbin nposedeH 3KcriepuMeHm o 83aumodelicmeuu nasepHo20 u3snydeHusi (OnnuHol eonHbl 1550HM) ¢ XKK suelikoll. Bbiu nocmpoeHsi
u uccriedosaHusi QuazpamMmbl CMaburbHOCMb MONSPU3AUUL 8 80SIOKOHHOM KOMbUE8OM fla3epe.
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CUHXPOHU3auusi MoO.
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MEASUREMENTS OF THE TIME PARAMETERS OF CONDITIONED FOOD REFLEX
IN RATS UNDER MEMANTINE TREATMENT WITH USING OF AUTOMATIC REGISTRATION SYSTEM

Temporal features of motor phenomena of rats in the performance of food operant conditioned reflex obtaining food from feeders to
response on a short beep were studied. Using device and software developed by us to register individual components of sensorimotor
motor reaction the latent period, motor response time obtaining food, the amount needed for this and other attempts timing were analyzed.
These indicators characterize the speed of information processing in the central nervous system and the overall level of excitability and
motivation of animals. Temporal characteristics of individual units of sensorimotor responses are informative indicators of the functional
state of the central nervous system, able to ensure the effectiveness of its monitoring and correction. The aim of our studies was to
determine the effect of the drug memantine on these parameters, which is used in the treatment of Alzheimer's disease. We found that

memantine increased the performance of old rats and slowed down their motor responses.
Key words: cognitive abilities, food reflex, rat, photoelectric registration, memantine.

Introduction. Alzheimer's disease (AD) is caused by
progressive loss of cognitive abilities and is characterized
by the formation of senile plaques of beta-amyloid and
neurofibrillary glomeruli in neurons of the brain. AD is a
neurological disease that is the most common cause of
dementia, it is more than 65% of dementia in the elderly.
Alzheimer's disease affects about 4% of people aged 65 to
74 years and more than 30% — over the age of 85 years.
Therefore, it is important to study the mechanisms of AD
and to develop new effective drugs to treat the disease.
With this aim in biomedical research simulation diseases in
animals is used, particularly in the study of
neurodegenerative diseases to study of changes in the
functioning of the central nervous system (CNS) on
laboratory animals [1].

The most widely used marker of functional state of the
CNS is to assess the characteristics of sensory-motor
response (SMR). In most cases, establishment of dynamics
or other differences in SMR accomplished through analysis
of changes in reaction time (RT). To explain most of the
neurophysiologic processes that lead to RT, often the term
"latent period" (LP) is used - the time between the start of
the stimulus and the occurrence of motor response. Value of
LP is due to the implementation of physical-chemical
process in the receptor, the passage of nerve impulses
along pathways, analytical and synthetic activity in brain
structures and operation of muscles. The dependence of
speed and accuracy of performance of SMR on stability of
attention, anxiety, age, pathological factors was found. In
this regard, these are widely used as an objective and
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reliable enough indicators of the functional state of the CNS
in healthy people in clinical studies and in animal
experiments in modeling various neurodegenerative
diseases. In our experiments, we used earlier developed
experimental system of registration of food reflex in rats in
order to evaluate changes in temporal parameters of the
conditioned reflex in rats exposed to drug memantine, used
in the treatment of Alzheimer's disease. Memantine slows
down the progression of neurodegenerative processes and
causes neuromodulatory effect.

Method of determination of conditioned reflex by
using infrared sensors. We used the device and software
developed by us [2], to register individual components of
sensorimotor reaction. The principle of the registrations
based on the operation of sensory infrared sensors. Briefly
about the principle of their operation: a pair of sensors (Fig.1.
(3)) is mounted on the wall near the food window (Fig.1 (2))
so the edge of plate with food cells and holes (Fig.1 (1))
passes between a pair of sensors (Fig.1. (3)) during rotation
plate (Fig.1 (1)). This sensor (Fig.1 (3)) determines the
position of each cell in coincidence with the axis of the cell
hole between this pair of sensor and microcontroller counts
how many steps motor is to move the plate from the starting
position to each hole of the next cell. After loading the cells
with food (food balls) pair of sensor (Fig.1 (3)) detects the
presence of food in the cell by the presence or absence of
cell hole which is closed in the presence of food. In the
absence, feed motor returns the next cell in the "open"
position relative to the food window after submitting audio
signal. The other pair of sensors (Fig.1 (4)) is on the wall
with a window so that the axis between a pair of sensors
crosses food window and responds on probationer to
crossing window. Thus, the sensor registers an attempt of
probationer to get food from the cell.

Fig. 1. Infrared sensors for registration of conditioned
food reflex. 1 — turntable plate with cells, 2 — window for food
delivery, 3 — a pair of sensors for detecting the presence
of food in the cell, 4 — a pair of sensors for detecting
the presence of limb in the cell

Experimental results and discussion. Our
experiments were conducted on rats Wistar aged 12
months. Temporal features of motor phenomena of rats in
the performance of food operant conditioned reflex
obtaining food from feeders to response on a short beep
were studied. In our experiments we used the protocol
illustrated on Fig. 2. This is standard protocol for estimation
food conditioned reflex, which was proposed earlier [3].

The next parameters were analyzed: latent period - the
time before the first attempt of food withdrawal after the
stimulus supply (#/); a motor response of obtaining food —
the total time between the reactions of obtaining of food
(TRry); time between successive attempts (IRl,); the
number of required attempts for this (RN); interstimulus

period — number of approaches to the position between the
signals (ISP); limb stays in the food cell before supplying
the food (rt); total time of obtaining the food from the food
cell (RT); and the time of the limb staying in the food cell
during the obtaining of food (RD,).

Fig. 2. Protocol of experiment for photoelectric registration
of conditioned food reflex

These indicators characterize the speed of information
processing in the central nervous system and the overall
level of excitability and motivation animals. Temporal
characteristics of individual units of sensorimotor responses
are informative indicators of the functional state of the central
nervous system; they able to ensure the effectiveness of its
monitoring and correction. In our experiments, we studied
the effect on these parameters the drug memantine
(4 mg/kg), used in the treatment of Alzheimer's disease and
that is an antagonist of NMDA receptors.
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Fig. 3. An example of registration of successfulness
of conditional food reflex (rat obtaining of feed after sound)
measured in control conditions (left) and after effects
of the drug memantine (right)

Experiments were conducted as follows, the beep and
following food were supplied to old rats (aged 12 months),
which produced a conditioned reflex. These successive
presentations (signal-food) were 20+25. If the rat
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responded to the sound stimulus and pick up the food (a
conditioned reflex worked), an attempt was considered
successful. Fig. 3 shows the result of this experiment in
one of the rats. As can be seen, under the control
conditions, the rat reacted not all of the repeated
successive stimulus presentations.

[ control

Il memantine

1,0 4

0,5

Success, %

Fig. 4. The mean data of registration of successfulness
of conditional food reflex (rat obtaining of feed after sound)
measured in control conditions (white) and in rats
which consumed memantine (black)

The success of attempts was 50% of all presentations,
while in the case of the drug memantine, the success
greatly increased, and accounted of 86%. It should be
noted, that this index was slightly different in different rats
and the effect of the drug was more effective in those rats,
which in control conditions showed lower performance.
Fig.4 demonstrates the mean data of successful operation
of the conditioned food reflex in rats for control and
memantine conditions.

As it can be seen, after treatment with memantine, the
rats were more successful in getting food. Although a
difference is quite enough (~18%), but it is not statistically
significant. The latter is because in the control group the
individuals with varying degrees of success were observed.
Among them were more or less successful rats. At the
same time, after the effect of memantine, less successful
rat became more successful (Figure 3).
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Fig. 5. The average values of temporal characteristics
of rat food reflex recorded in the control and under
the application of drug memantine

During these experiments, we also recorded the
temporal characteristics of the conditioned reflex of rat,
Fig. 5. We was found that under the influence of
memantine the main characteristics remained without
significant changes, except for two parameters — RT (total
time obtaining food from the cell of feeder) and TRr (total
reaction time between obtaining food). That is, the drug

memantine influenced the response speed of the motor
reaction of rat — it slowed down. Whereas, the other
parameters such as rt, RD, tl were slightly influenced by
memantine, Fig. 5.

[ ]control
- memantine
5 4
z
2,5
0

RN mi

Fig. 6. The average values of quantitative characteristics of
rat food reflex recorded in the control and under the
application of drug memantine

We also measured the average values of quantitative
characteristics of rat food reflex recorded in the control and
under treatment of rats with drug memantine. These data
are presented on Fig. 6. As it can be seen, in this case the
mean quantitative parameters were not significantly different.

It is known, that AD accompanied psychopathic
disorders (emotional disorders, anxiety, restlessness,
depression, disorientation, apathy (indifference) to the
environment, problems with movement, loss of capacity for
independent thinking and movement), the use of
experimental situations that cause these conditions, can be
one of methods of finding the effective means of its
correction. Experimentally proved that the nature of motor
activity of rats placed in an unfamiliar environment, reflect
their psycho-emotional status [3] and can be used to
assess the effectiveness of effects of different
pharmacological agents for certain forms of its detection.

In our previous studies, we found that memantine [4]
weakened of fear and anxiety in old rats that promoted
rapid adaptation of animals to new environment. In
presented data we demonstrate that memantine also affect
the temporal characteristics of conditioned reflex of old rats
and increase its performance.

Conclusions. Thus, we have found that a drug that is
used for the treatment of AD, increases the performance of
old rats and slows down their motor responses.
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Fop6ayeHko B., cTya., Yepepa l., cTyn.,

kac. meanyHoi pagiodiaunkn, pagiodisanyHum dakynbreT,
KuviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleBueHka
KpyueHnko X., kaHa. 6ion. Hayk, Jlyk'aHeub O., A-p 6ion. Hayk, npod.
*IHcTuTyT hisionorii im. O. O. Boromonbus HAH Ykpainu

BMMIPIOBAHHA YACOBUX NAPAMETPIB YMOBHOI'O XAPYOBOI'O PE®JIEKCY LLIYPIB .
NnPU 3ACTOCYBAHHI MEMAHTUHY 3 BUKOPUCTAHHSAM ABTOMATU4YHOI CUCTEMMU PEECTPALII

Busyanuce ocobrugocmi yacosux MokasHuKie pyxoeux (heHOMEHi8 Wypie npu SUKOHaHHI Xapyog020 OMepPaHMHO20 yMOBHO20 peghrekcy OicmasaHHs ki 3
200i8HUi y 8i0rMoeiOb Ha Oito KOPOMKO20 38YKOBO20 CU2HasTy. 3a O0MOMO200 PO3PODIEHO20 HaMU MPUCMPO Mma npoepamMHo20 3abesrnedyeHHs: peecmpauii OKpemux
KOMITOHEHIMIi8 CeHCOMOMOPHOI Pyx080i peakuii aHanisysanu nameHmHuli nepiod, Yac MOMOpPHOI peakuii dicmaeaHHs iXi, KinbKicmb HeobxiOHUX 07151 Ub0o20 cripob ma
iHwi Yacoei napamempu. Li moka3HUKU Xxapakmepu3sytoms siK weudkicms nepepobku iHgpopmauii 8 LIHC, mak i piseHb 3azanbHoi 36ydnueocmi i Momueauii meapuHu.
Hacosi xapakmepucmuKu OKpemux I1aHOK CEeHCOMOMOPHOI peakuii € iHghopMamueHUMU rMokasHUKamu ¢hyHKuioHanbHo2o cmary LJHC, 30amHumu 3abesnequmu
eghekmusHicmb (i020 KOHMPOrto i Kopekuii. Memoto Hawux AocnidxeHb 6yro 8U3HaYEHHs 8rusy rnperapamy MemaHmuHy, sIKuli 3acmoco8yembCs Mpu fliKy8aHHI
x80pobu AnbuzeliMepa, Ha 8ka3aHi napamempu. Mu ecmaHosurnu, wo memaHmuH 36inbuwlysas yCritHicms cmapux wypis i yroeinbH08as ix pyxosi peakuil.

Knroqoei cnoea: koeHimueHi 30i6Hocmi, xap4osuli pecbriekc, wyp, chomoesieKmpuyHa peecmpauisi, MEMaHMIH.
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KpyueHko XK., kaHa. 6uon. Hayk, JlykbsiHey E., A-p 6uon. Hayk, npod.
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M3MEPEHUA BPEMEHHbBIX MAPAMETPOB YCJIOBHOI'O NMULLIEEBOIO PE®JIEKCA KPbIC
nP NPUMEHEHUA MEMAHTUHA C UCNOJIb3OBAHUEM ABTOMATUYECKOWU CUCTEMbI PETUCTPALLUN

U3yyanuck ocobeHHOCMU epeMeHHbIX rokasamersiell 0gu2amesibHbIX (heHOMEHO8 KPbIC MpU 6bIMOMHeHUU NUUEe8020 OMNepaHMHO20 YCrio8Ho20 pegbriekca
docmasaHusi nNuUWU U3 KOPMYyWwKU 8 omeem Ha Oelicmeue KOpOmKo20 38yKogoeo cueHana. C romowbto paspabomaHHo20 Hamu rnpubopa u npospammMHO20
obecneyeHus peaucmpayuu omoeslbHbIX KOMIMOHEHITIO8 CeHCOMOMOPHOU 08u2amesibHOU peaKuuu aHanu3uposarnu sameHmHbIt nepuod, epemsi MOMOPHOU peakuyuu
MOTYYeHUSsT MUUU, KOITUYECMB0 HeobX00UMbIX Orst 3mo2o npob u dpyaue epeMeHHbIe rnapamempbl. Amu rokazamesu Xxapakmepusyrom Kak CKopocms nepepabomku
uHgpopmauyuu 8 LJHC, mak u yposeHb obujeli 8036yOuMocmu U Momugayuu XUeOMHO20. BpeMeHHble xapakmepucmuku omoeribHbIX 38eHbe8 CeHCOMOMOPHOU
peakyuu S8nstomcs  UHGhopMamueHbIMU  rloKkasamenamu  QoyHKUYUOHabHo2o cocmosiHusi LIHC, criocobHbiMu obecriequms 3¢hgheKmueHOCMb €20 KOHMPOsisl U
Koppekyuu. Lenbro Hawux uccriedosaHuli 6birio orpedeneHue eusHUS rpenapama MemMaHmuHa, Komopbil NpUMEeHSemcsi rpu fiedeHuu 6ones3Hu AnbyzeliMepa, Ha
yKasaHHble rnapamempbl. Mbl ycmaHosurnu, Ymo MemMaHmuH yeenu4yuearn ycrewHoCmbs CMapbiX KpbIC U 3aMedrsin ux 0su2amesibHble peakyuu.

Krroyesnle criosa: Kpbica, KO2HUMUBHbIE CrIOCOBHOCMU, MuLWesoll peghrieKc, (hbomoaneKmpuyeckast peaucmpauyusi, MeMmaHmuH
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ABNORMAL UNSTEADY HEAT CONDUCTION SEMICONDUCTOR DIODE STRUCTURES

The work is devoted to the calculation of thermal conductivity, heat flow and the coefficient of thermal straightening silicon diode
structures. Theoretical dependences of thermal conductivity of silicon and the type of temperature based on the temperature dependences
of the thermal conductivity of all components of the members. Calculation of the thermal conductivity of the silicon semiconductor diode
conducted in the temperature range 300—1000 K. The heat flow patterns calculated in both directions. Estimation of the coefficient of
thermal straightening held as the ratio of the flow in one direction to flow backwards. Theoretical evaluations were conducted using
computer software calculations. The results may be useful in the design of high power semiconductor devices and to control heat flow in

electronic circuits.

Key words: semiconductor devices, semiconductor junctions, silicon, thermal rectifier

Introduction. In recent years, semiconductor crystals
began to be used as fuel elements. At the end of 80 years
of the last century proposed and put into production way
of collecting power diodes, diode when through crystal
with a flattened him served conclusions passed a current
pulse of power required for its heating to the melting point
of the solder on the findings. Thus the conclusions
to soldered of [1].

In 2000 he published work, which described the use of
a semiconductor crystal micro-soldering-iron fuel
elements [2]. In those same years published several
works where KSDI structure was used as fuel elements
for spraying specific substances. Through it was passed
as a powerful impetus to the current structure and heating
to high temperatures [3]. In all these cases the important
rule was compliance with the conditions of his uniform
heating. If it is heated up evenly, then it appeared large
mechanical stresses, leading to the split of the crystal,
that is, to his destruction.

The study of these effects is useful for the study and
design of high-power semiconductor devices such as
transistors, diodes, integrated circuits, which released more
energy. For example, diodes, who commute large currents,

transistors, in which semiconductor crystal attached to a
special radiator which removes heat. In such cases, it is
important to know how the heat, and the speed with which
the crystal is cooled.

Experimental study of heat conduction diodes are
described in [4-8], but theoretical calculations were not
performed. Thus, the aim of the work was experimental
and theoretical study of thermal conductivity and thermal
diffusivity of semiconductor diode structures that are very
relevant to the present.

Experimental part. Studied silicon crystals used in the
production of industrial diodes KD 105, KD 209. They are
made of silicon CE-mark 40 with a resistivity base p = 40
Om-sm, donor concentration procedure 10"sm™. On one
end of the crystal boron diffusion was created p* region
with a resistivity p = 0,1 Om-sm, the concentration of
acceptors order 10"”sm™ and a thickness of 0.01 cm and
the other end of phosphorus diffusion region received
contact to n* p area. The crystals have a cylindrical shape
with a diameter of 0.18 cm, 0.03 cm thick.

The main element of the experimental setup is pulsed
electric heater, which conducted the studied heating
module. It consists of a diode structure located between

© Grygoruk V., Kuzmych R., Oberemok O., Pavlyuk S., 2015
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two thermo-compensator are made in a gilded kovar discs
welded them to the conclusions of two thermocouples.

Investigated module before the experiment were pre-
heated to provide "grabbing" all three elements (diode
structure between two thermo-compensator) a solid block
next division which is impossible without destroying the
crystal silicon. Thus, the thermal contact resistance
between the ends of the p~ and n-regions diode structure
and attached them thermo-compensator were reliably
recorded before the measurements. In this regard, under
these conditions, there were no factors that could affect
the change in the transition thermal resistance revolution
in the investigated module on the surface of the heating
element to change the orientation of the p-n junction to
the source of heat.

Heating time diode structure change within 2-10
seconds. The temperature of the heating thermo-
compensator recorded using an oscilloscope amplifier with
memory. Measurements were carried out at different
temperatures diode crystal orientation in relation to the
heater by turning investigated alternate module on the
surface of the heater.

Fig. 1 shows the change in temperature difference AT
between the upper and lower thermocouples during heating.
Curve 1 — heat flow directed from p- to n-region. Curve 2 —
heat flow directed from n — to p-region. As seen in Figure 1,
the passage of heat flow from n- to p-region temperature
difference between the upper and lower thermocouples
decreases. Consequently, the heat flow more in the direction
of n- to p-region rather than vice versa.
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Fig. 1. Changes in temperature difference AT between
the upper and lower thermocouples

Calculated part. Calculation of thermal conductivity,
heat flow and thermal coefficient of silicon rectifier diode
structures.

The calculation of the theoretical dependence of
thermal conductivity on temperature held by the formula for
the total thermal conductivity:

o 2K g AEp Kpn, oy
ol oT kT e (nue+puh)
Since the second term on the right hand side of (2.4.1),
which is responsible for the contribution of free carriers in
full conductivity is generally small, it is not considered in
the calculation. Therefore, the thermal conductivity was
reduced to the formula:

A T

k NPHetty (22)
ol oT

KT e*(nu, +pup)?

Theoretical calculation of the temperature dependence
of the thermal conductivity was performed taking into
account the temperature dependences of the thermal
conductivity of all components of the members. Mainly it
was necessary to show what contribution does the third
term on the right hand side of (2.1) (mixed conductivity) in
complete thermal conductivity at high temperatures.

Almost measure the heat flow in the diode structure
impossible. However, this value can be calculated
indirectly. It would be handy to have a formula for the heat
flux at given temperatures at both ends of the sample. The
calculated in [15], depending not be used to verify them
experimentally (temperature at the ends of the device
taken in an arbitrary scale — T1 = 1,0 and T2 = 0,2), since
they are obtained by computer simulation. Therefore, in
order to be able to estimate the heat flux, need a simple
ratio. To this end, proposed the following method.

So, for use of the analytical solution approach. We
approximate the function of heat in the considered
temperature range of linear dependence. In this case, the
equation should be solved with the boundary conditions
have the form:

( (T(X))

T0)=T,
T(L)=T,

x(T(L/2)

XM =al +b
Xo(T)=a,T +b,
Solution of system (2.3) has the form:

T2 —b++b?+2aC2+aClx

a7+bT Cix+C2=>T(x)= . (2.4)
a

Using the boundary conditions and the condition of
stitching, easy to obtain analytical view of the temperature
T(x) distribution throughout the structure. Then under heat
flow counting formula:

J==1:(T(L/3))

dT(x)j 0

dT(L /2y

L2y w2

dT(L /3)

(2.5)
Typical dependence of the lattice thermal conductivity on
temperature for silicon is shown in Figure 2.
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Fig. 2. Dependence of lattice thermal conductivity
on temperature

As can be seen from Figure 2, the lattice thermal
conductivity of silicon decreases with increasing temperature.
And at very high temperatures it decreases significantly.
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Figure 3 shows the theoretical dependence of thermal
conductivity on temperature mixed silicon and p type.
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g. 3. Theoretical dependence of thermal conductivity
on temperature mixed silicon and p-type

As seen in Figure 3, mixed conductivity at low
temperatures is rather small size, but since the value of
500 K silicon p-type and 750 K for silicon-type conductivity
increases dramatically. With  further increase in
temperature it increases several times.

Figure 4 depicts the theoretical dependence of thermal
conductivity ratio mixed to full temperature for p-type
silicon. As can be seen from the figure, the contribution to
the total thermal conductivity of the mixed conductivity is
very significant at high temperatures. The graph shows that
at temperatures of the order of 900 K the thermal
conductivity of the mixed contribution to the total is about
80%. This gives reason to believe that under these
conditions the mixed conductivity makes the most
significant contribution to the total thermal conductivity
among all the other components of its members.

XnlXs XplX

0.8
0.6 -
0.4
Xl

0.2
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Fig. 4. Dependence of thermal conductivity ratio mixed
to full temperature for silicon and p-type

Fig. 5 show the heat flux along the diode structure in
both directions as a function of the temperature difference.

The right side of the graph (positive) shows the heat
flow from the region n to the region p. The left side of the
graph (negative) — on the contrary. As seen in Figure 5, the
qualitative progress dependence is similar in both
directions, but heat flows differ in absolute values. From
the figure shows that the heat flow on the right of the chart

are larger than the flow in the left. Thus, the flow of the field
in the region n p is greater than vice versa.

Js, 103, B1/m?

150
100 |
50—
T T T T T T T T
-100 -50 50 100
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-100

Fig. 5. The dependence of the heat flux diode structure
in both directions as a function of the temperature difference

In Figure 6 presents the dependence of the thermal
straightening structure, the ratio of heat flow in one
direction (flow from region to region n p) to flow in reverse

(flow from the field in the region p n) as a function of the
temperature difference.

1424 R
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Fig. 6. Dependence of thermal straightening structure
as a function of the temperature difference

From Figure 6 shows the effect of straightening indeed
present, and this gives reason to believe that the working
structure works as a thermal rectifier. Also from the figure
shows that at 30 K temperature difference observed
maximum  straightening, and the coefficient s
approximately 1.42.

Conclusions. During the performance calculated
theoretical dependence of thermal conductivity silicon
diode temperature.

Theoretical calculations of the contribution of different
mechanisms of thermal conductivity and thermal
conductivity to the total shown that the contribution to the
total mixed thermal conductivity at high temperatures is
around 80%.

Calculated and graphs heat flux diode structure in both
directions and it is shown that they differ in absolute
values. Stream from region to region n p is greater than
vice versa.

The coefficient of thermal straightening structure has a
maximum close to 1.42 for the temperature difference of 30 K.
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AHOMAJIbHA HECTALIIOHAPHA TEMJIOMPOBIAHICTb HANIBMNPOBIAHNKOBUX AIOAHUX CTPYKTYP

Poboma nipucesyeHa pospaxyHKy merionposioHoCMi, mernoeo2o MomoKy ma KoegiuieHma merniiogo2o 6unpsiMIIeHHsT KpeMHiegux Oi0OHUX CmpyKmyp.
OmpumaHO meopemuyHi 3anexxHocmi meronposioHOCMi KPEMHI0 ma murly i memnepamypu 3 ypaxysaHHsIM memriepamypHUX 3anexHocmel ycix cknadosux
4rieHie mennnorposioHocmi. Po3paxyHOK mernonposiOHoOCMi HarienposiOHUKOB020 KpeMHieso2o dioda rnposoduscs 8 diana3oHi memnepamyp 3001000 K. Tennosuti
rmomik cmpykmypu pospaxosysascsi 8 060x Hanpsimkax. OuiHka KoegbiyieHma meriogo20 8unpsMIIeHHsI MPo8ooUNIacs SIK 8iOHOWEHHSI NMOMOKY 8 OOHOMY HarpsiMKy 00
1OMOKY 8 380pOmMHOMY. TeopemuyHi OUiHKU MpoeoourTuCh 3a OONMOMO200 KOMITIOMEPHUX npoepam po3paxyHkis. OmpumaHi pesyrnbmamu Moxyms 6ymu KopUCHUMU
pu NPoeKmysaHHi HariernposiOHUKo8UX rpuiadie 8enuKoi MomyxHocmi ma Onsi KepyeaHHsi merniosuMU romoKamu 8 elleKmpOHHUX MIKpOCXemax.
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AHOMAJIbHAAl HECTALIMOHAPHAS TEMNJIONPOBOAMMOCTDb NOJIYNPOBOAHUKOBbIX ANOAHbIX CTPYKTYP

Paboma npucesiuyeHa pacdyemy menionposoduMocmu mernsiogoeo omoka U KoaghgbuyueHma meriogozo BbiMPsMIEHUST KDEeMHUEBbLIX OUOOHBLIX CMpPyKmMyp.
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cocmaersiiowuX YieHo8 mernionposoouMocmu. Pacyem mennonposoOuMocmu rosyrnposoOHUKOB020 KpeMHUE8020 duoda nposodurics 8 duanasoHe memriepamyp
300-1000 K. Tennosoli momok CmpyKmypbl paccyumsieasncsi 8 oboux HarpasneHusix. OueHka KoaghghuyueHma meriogo20 6bINPsIMIIeHUs MPOBoOUsICST Kak
COOMHOWEHUE r1omoka 8 00HOMY HarnpaegsneHuu 0o rnomoka 8 obpamHom. TeopemudecKkue oUeHKU rMpPo8odUUCH MPU MOMOULU KOMITbIOMEPHBIX MPO2pamMM pacyemos.
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DEVELOPMENT OF MEASUREMENT CHANNELS FOR GAS ANALYSIS SYSTEMS
ON MODERN RADIO COMPONENTS

A block diagram of the measuring channel of gas analysis system built on integrated circuits (ICs) of Analog Devices. Detailed
description of its key elements and their use is justified. An example of connecting the electrochemical sensor for measuring the
concentration of Cl,, CO, H,S, SO, H,, HCI, NH;, NO,, Osin the air. We also show examples of connecting sensors of hydrocarbons and
relative humidity. Described the basic advantages of the proposed structure, namely the unification of measuring channel with reduced total

cost of multichannel measuring system.

Key words: gas analysis system, electrochemical sensor, catalytic sensor, multichannel measuring system

Introduction. In recent years, a wide range of
integrated circuits (ICs) from Analog Devices appeared on
the market of electronic components. It has allowed
revision some principles of design of measuring channel for
gas detection systems. The proposed ICs have the high
performance, represent a wide range of functional
properties and have the best quality / price ratio.
Furthermore, the use of integrated circuits of one
manufacturer facilitates the development of devices and
organization of their production.

In this paper we have proposed some variants of
design a multichannel gas measuring system built on
Analog Devices ICs.

Block diagrams of measuring channel. Fig. 1 show
the structure of our proposed measuring channel. It consists
of an 8-channel analog multiplexer, an instrumentation
amplifier with a bias source, 24-bit sigma-delta analog-to-
digital converter (ADC), the voltage reference circuit and
electrical isolation of the digital signals.

Set of sensors (1 to 8) is connected to the inputs of an
analog multiplexer through appropriate matching units.

Multiplexer switches the signals of both positive and
negative polarities. This makes it possible to unify the
measurement channel. The iICMOS technology analog
multiplexer IC ADG1408 is used. It has open channel
resistance of 4.7 ohms. A leakage current of channels
does not exceed +0.6 nA. The iCMOS (industrial CMOS)
modular manufacturing process combines high voltage
CMOS (complementary metal-oxide semiconductor) and
bipolar technologies. Unlike analog ICs using
conventional CMOS processes, iCMOS components can
tolerate to high supply voltages while providing increased
performance, dramatically lower power consumption, and
reduced package size. The stability and ultralow on
resistance of these multiplexers makes them ideal
solutions for data acquisition [1].

A signal from multiplexer output comes to input of
instrumentation amplifier AD622, which has a high linearity
of gain (10 ppm), as well as the relatively low bias current
(2 nA). AD622 is a differential signal amplifier system,
which also provides excellent linearity and common-mode
rejection ratio (CMRR) due to internal precision laser-
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trimmed resistors [2]. A feature of this amplifier is the
presence of the bias input, which is important for the
implementation of measurement method that we proposed.
The gain is set by an external resistor in the range of 1 to
1000. Output signal bias of the instrumentation amplifier is
provided by means of voltage reference IC ADRO3BR,
which generates a bias voltage of +2.5 V with a
temperature coefficient of 3 ppm/°C. The ADRO03 is
compact, low drift voltage reference that provides an
extremely stable output voltage from a wide supply voltage
range [9]. The output signal of the instrumentation amplifier
through a resistive divider is applied to the non-inverting
input of the ADC; the inverted input is connected to the
output of the bias source.

l from sensors l

| 8-channel Multiplexer ADG1408 |

Instrumentation ADC Digital
Amplifier AD622 AD7787 Isolator
T T ADUM1401
Voltage Voltage l
Reference Reference to
ADRO3BR ADRO3BR microcontroller

Fig. 1. Block diagram of measuring channel

We have three advantages using this measuring
technique:

= small signals precise measurement;

= the ability to measure bipolar signals;

= high input impedance in all dynamic range (from
parts of millivolts to 10 Volts)

All described features are reaching using low-cost
unipolar ADC IC (AD7787). The AD7787 is a low power,
complete analog front end for low frequency measurement
applications. It contains a low noise 24-bit sigma-delta ADC
with one differential input and one unbalanced input that
can be buffered or unbuffered. The device operates from
an internal clock. Therefore, the user does not have to
supply a clock source to the device. The output data rate
from the part is software programmable and can be varied
from 9.5 Hz to 120 Hz, with the rms noise equal to 1.1 pV
at the lower update rate. The internal clock frequency can
be divided by a factor of 2, 4, or 8, which leads to a
reduction in the current consumption. The update rate, cut-
off frequency, and settling time scales with the clock
frequency. The part operates with a single power supply
from 2.5 V to 5.25 V [3]. It has three-wire synchronous
serial interface SPI for data exchange with microcontroller.
Measurement of bipolar signals is achieved by the
presence in AD7787 of the bipolar mode in which half of
the scale corresponds to zero voltage differential input. As
a voltage reference applied to ADC, ADRO3BR IC with
+2.5 V output voltage is used.

For electric isolation of ADC’s digital signals four
channel digital isolator IC ADUM1401 is used. It has
insulation strength of 1 kV. The ADuM1401 is a quad-
channel digital isolator based on Analog Devices, Inc.,
iCoupler® technology. Combining high speed CMOS and
monolithic air core transformer technology, these isolation
components provide outstanding performance
characteristics superior to alternatives, such as optocoupler
devices. By avoiding the use of LEDs and photodiodes,
iCoupler devices remove the design difficulties commonly
associated with opto-couplers. The typical optocoupler
concerns regarding uncertain current transfer ratios,

nonlinear transfer functions, and temperature and lifetime
effects are eliminated with the simple iCoupler digital
interfaces and stable performance characteristics. The
need for external drivers and other discrete components is
eliminated with these iCoupler products. Furthermore,
iCoupler devices consume one-tenth to one-sixth of the
power of optocouplers at comparable signal data rates [8].

It should be noted that for the realization of a device
constructed according to the block diagram shown in
Figure 1, each functional unit is implemented on a single
Analog Devices ICs.

One can propose an alternative variant of technical
realization of a measuring channel using one of the latest
developments of the Analog Devices - IC ADuCM361 [5].
This chip contains almost all functional components
needed to build the structure shown in Fig. 1 (See Fig. 2).
Only the digital isolator is missing.

Selectable Vger
LDO Sources

A

A 4

24-bit Z-A ADC
10Vpp, AVpp with SINC
Filters
| | Current

1
1
1
:
1
' DAC, Temp,
1
1
1
1
1
1

Sources ir
| e e e e e e e e e e ——————————— —_——— - ——

ARM CORTEX-M3

Processor ﬁ GPIO Ports
16 MHz
ADuCM361
to interface Digital Isolator
circuits ADUM1401

Fig. 2. Block diagram of measuring channel based
on ADuCM361 IC

The ADuCM361 is a fully integrated, 4 kSPS, 24-bit
data acquisition system incorporating high performance
multi-channel sigma-delta (2-A) analog-to-digital converter
(ADC), 32-bit ARM Cortex M3® MCU, and Flash/EE
memory on a single chip allowing direct interfacing to
external precision sensors in both wired and battery
powered applications. The microcontroller core is a low
power ARM Cortex-M3, 32-bit RISC machine, offering up
to 20 MIPS peak performance, incorporating a flexible 11-
channel DMA controller supporting SPI, UART, 12C
communication peripherals. 128k Bytes Flash/EE and 8k
Bytes SRAM are integrated on-chip.

The analog subsystem consists of ADC, connected to a
flexible input multiplexer (MUX). ADC can operate in fully
differential and single-ended modes. Other on-chip ADC
features include dual programmable excitation current
sources, diagnostic current sources, and a bias voltage
generator of AVDD_REG/2 (900 mV) to set the common-
mode voltage of an input channel.
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Multi-channel gas analyzer, built on IC ADuCM361 has
good potential for modernization and development.

Primary processing of sensor signals. Let us
consider typical scheme of primary processing of sensor
signals. Among them can be conditionally outlined three
variants of the matching with the measuring channel:

= connection circuit of three-electrode electrochemical
primary converter;

= bridge connection circuit for the catalytic sensors;

= bridge connection circuit for thermal resistance
converter.

Fig. 3 shows a circuit diagram of the connection of
three-electrode electrochemical sensor for measuring
channel. Such circuit uses an electrochemical chlorine
sensor CL, / M20 (Membrapor). By the same method the
concentration in the air CO, H,S, SO,, H,, HCI, NH3, NO,,
O3 is measured.

Counter
ef. ﬁ—‘—«:—‘—i—%
ensin
Groung_—) C7] _sv
Cl,/M20 é I isol.
H
To Measuring
Channel

Fig. 3. The electrical circuit connecting the three-electrode
electrochemical sensor for measuring channel

The circuit operates as follows. The current
proportional to the concentration of chlorine in the air is
supplied from the working electrode of the sensor to the
input of the current-voltage converter D1 that is built on
an operational amplifier OP97. This chip is a low-cost
precision operational amplifier with low power
consumption. The chip consumes only 600 pA, has an
ultralow bias voltage (25 pV) and its temperature drift
(0.6 uV/°C). It should also be noted his low input bias
current of 250 pA over the entire range of operating
temperatures (—40 ... +85 °C) and high CMRR (114 dB)
[4]. The resistor R3 is installed to reduce the error due to
a difference input currents of amplifier. The capacitor C4
prevents the self-excitation of the operational amplifier
D1. The operating mode of the sensor is provided by a
potentiostat circuit. This scheme supports the potential of
the working electrode close to the potential of analog
ground by setting the required level of voltage to the
auxiliary electrode. It is implemented on the operational

amplifier D2 (OP97). Elements R2, C1, R5, and C5 form a
low pass filter which prevents self-oscillation of the
operational amplifier D2. FET VT1 provides a connection
between the working and reference electrodes in the
absence of power. This prolongs the life of the sensor [7].

Figure 4 shows a circuit diagram of the connection of
catalytic sensors.

In this example, we will consider the connection of the
sensor of hydrocarbons TGS6810 (Figaro).

As a matching device we used specialized operational
amplifier D1.2 (AD8279). Feedback resistors which
determine the operating mode of the differential amplifier
are formed on a single chip with amplifier circuit using a
laser trimming method. This allows for extremely high
CMRR (80 dB) and high temperature stability and accuracy
of the gain (0.02% and 1ppm/°C, respectively) [6].

3V
TR D1.2 AD8279
pomPt————  IVR1 Dok | 40K
omp- — -\J,-Rz - “To
TsG7810 | 20K [L740K | Measuring
Jghannel

Fig. 4. The electrical circuit connecting
the catalytic sensor for measuring channel

Conclusions. Use of Analog Devices ICs has made it
possible to standardize the structure of the measuring
channel in the gas analysis system. This can significantly
reduce the total cost of the development, production and
operation of the measuring multi-channel complex.
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kad. HAaHODI3UKKN Ta HAHOENEKTPOHIKK, hakynbTeT pagiodi3nkn, eNeKTPOHIKU Ta KOMN'KOTePHUX CUCTEM

KuiBckui HauioHanbHuM yHiBepcuTeT imeHi Tapaca LLleByeHka

PEAJII3ALIA BUMIPHOBAJZIbHOIO KAHAJTY
Aana CUCTEM rA30AHAJNI3Y HA CYYACHIM EJIEMEHTHIWN BA3I

3anporoHogaHO cmpyKmypHy CxeMmy 8UMIpIo8aribHO20 KaHarly cucmemu 2a3oaHanisy, nobydosaHy Ha iHmezpanbHux cxemax (IC) komnaHii Analog Devices.
HoknadHo onucari i kroyosi enemeHmu ma obrpyHmosaHo ix 3acmocyeaHHsl. HagedeHo rpuknad riOKIYEHHSI enekmpOXiMIYHUX ceHcopie Or1si 8UMIPIO8aHHS
KkoHueHmpauii 8 noeimpi Cl,, CO, H,S, SO, H, HCI, NH; NO, Oj. [loka3aHo npuknadu niOKIoHeHHs1 ceHcopie 8yere8o0Hi8 i 8iIOHOCHOI 80/1020CMi NMO8IMps.
BkasaHO OCHO8HI repesazu MporoHo8aHOI cmpyKmypu, a came: yHihikauisi 8UMIpro8anbHO20 KaHary 3i 3HUXEeHHSIM CyMapHOi 8apmocmi 6aeamokaHarbHO20

8UMIPIO8aIIEHO20 KOMIIEKCY.

Knroyosi crosa: cucmema 2a3oaHanisy, enekmpoximMidHUli ceHcop, Kamarnimu4yHul ceHcop, 6azamokaHarlbHUL 8UMIPI8aITbHUL KOMITIEKC.
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PEAJIN3ALINA USMEPUTEJIbHOIO KAHAJIA .
Ana CUCTEM rA30AHAJIN3A HA COBPEMEHHOM 3JIEMEHTHOW BA3E

lMpednoxeHa cmpyKkmypHasi cxema UsMepumesibHo20 KaHara cucmeMsl 2a30aHaru3a, rnocmpoeHHas Ha uHmeeparbHbix cxemax (VIC) komnaHuu Analog Devices.
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MHO20KaHaslbHO20 usMepumesibHO20 KOMIIIIeKca.
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UNIAXIAL PRESSURE EFFECT ON PHASE TRANSITION OF CR3+-DOPED TGS CRYSTALS

The results of experimental studies of the uniaxial pressure effect on the dielectric properties of TGS crystals doped with metallic
impurities of Cr3+ in the vicinity of the ferroelectric structural phase transition are presented. The phase 02, T-diagram is constructed and
the pressure coefficient of the shift the phase transition temperature of the crystal is determined.

Key words: ferroelectrics, phase transition, TGS, metallic impurities, uniaxial pressure, dielectric constant.

Introduction. An important issue in discovering the
structural phase transitions in solids is the study of phase
diagrams to determine the nature and conditions of
polycritical phenomena. Therefore, the studies of the
physical properties of crystals with hydrogen bonds in the
conditions of uniaxial pressure are relevant. They make it
possible to obtain important additional information about
the nature of physical processes and phenomena and may
serve as a basis for improvement of theoretical models
describing the phase transitions of ferroactive crystals. At
the same time, as we know, by using the external pressure
can be made purposeful control of physical parameters of
the crystals to achieve their optimal values.

Among the ferroelectric crystals with hydrogen bonds
triglycine sulfate (NH2CH2COOH)3-H.SO. (TGS) 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 T¢ = 322 K. Below T¢ the
mirror plane disappears and the crystal belongs to the polar
point group 2 of the monoclinic system.

In real crystals, the defects and impurities perform a
great influence on the ferroelectric properties. Defects can
occur during the crystal growth as a result of various
external factors. Because of occurrence of elementary
defects (point, linear, surface and volumetric) around them
occurs a distortion of the crystal lattice, which is associated
with the displacement of atoms, ions and molecules from
equilibrium states. Radiation defects damages the
molecules of glycine and causes the formation of stable
free radicals. They are also affecting the physical
properties of crystals as shown in [1]. A similar influence is
performed by metallic and organic impurities [6].

The aim of this research is to study the uniaxial
pressure effect on the dielectric properties of TGS crystals
doped with metallic impurities of cr** in the vicinity of the
structural ferroelectric phase transition. The concentrations
of impurities for these crystals are 2%.

Experimental. Controlled and uncontrolled impurities
differently distort the crystal lattice by changing the
domain structure and physical properties of crystals. By
the nature of placement in lattice, metallic impurities

related to inculcation type of impurities and organic — to
replacement type.

The influence of impurities on the physical properties of
crystals depends on their concentration, the sign of the
charge and changes of the balance of relation forces in the
crystal structure. When doping TGS crystals the chromium
ion is inculcated into the lattice and inside a cluster of
atoms of nitrogen and oxygen of glycine molecules and
oxygen SOg. groups [4].

As a result of incoming of impurities forms an effective
electric field of point defects, under the influence of which
the domain walls are fixed on them. This leads to a
decrease in the agility of the walls and the formation of the
natural-unipolar state of crystal.

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 LCR E7-12 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.

The accuracy of registration of the uniaxial pressure
is + 5%.

Uniaxial mechanical stress was created by a spring
dynamometer and was transferred on sample through a
punch with floating heads (fig. 1).

© Zelenyuk M., Susla A., Guyvan H., Slivka A., Kedyulich V., 2015



ISSN 1728-2306

PALIO®I3UKA TA EJIEKTPOHIKA. 1(23)/2015

~ 33 ~

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

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. Uniaxial
pressure was applied along the ferroelectric axis b, which
corresponds to the mechanical stress o, [2].

Fig. 2 shows the temperature dependence of the
dielectric constant of TGS+Cr** crystals under the
influence of uniaxial pressure o2. It can be seen that the
application of uniaxial mechanical stress decreases the
maximum value of dielectric constant and the temperature
of this maximum.

14+ 1-0=0bar
2-0=20bar
12+ 3-0=40bar
4 -0 =110 bar
101 5—a =150 bar
S 8r
w 6
4+
2_
0

316 318 320 322 324 326 328
T.K

Fig. 2. Temperature dependence of the dielectric constant
of TGS+Cr* crystals for different values of uniaxial pressure

Fig. 3 shows the temperature dependence of the inverse
dielectric constant.

320 322 324 326 328
T.K

Fig. 3. Temperature dependence
of the inverse dielectric constant of TGS+Cr** crystals
for different values of uniaxial pressure

Fig. 4 shows the phase o,, T-diagrams of TGS+Cr**
crystals.

To construct the phase diagram the extrapolating of the
inverse temperature dependence of the dielectric constant
to zero in the paraelectric phase was performed [3].

The pressure coefficient of the shift the phase transition
temperature of considered crystal has next value:
dTc/do, = - 5.9 K/kbar. The shift of the phase transition
temperature under the influence of uniaxial pressure along
the ferroelectrlc axis of the crystals was more than for
TGS+Co* and TGS+Cu? crystals. The values of the

pressure coefficients of the change the phase transition
temperature for TGS+Co?* and TGS+Cu?* crystals are
dTc/doz = — 5.2 K/kbar and dTc/doz = — 5.3 K/kbar,
respectively [5, 7].

dTc/do; = - 5.9 K/kbar

322.8+

322.6

322.0

321.8

32161 . . . . . . . .
0 20 40 60 80
o2, bar

100 120 140 160

Fig. 4. The phase o, T-diagram of TGS+Cr** crystals

Analysis of our studies of the effect of metallic
impurities on the properties of TGS crystals showed that
this effect on the dielectric properties increases with
increasing of the atomic mass of impurity.

Conclusions.

1. Experimentally proved that for TGS+Cr¥* crystals
uniaxial pressure o2 leads to a decrease in the maximum
values of the dielectric constant and decrease the phase
transition temperature.

2. It was found that the doping TGS crystals by metallic
impurities of Cr** lead to an increase in the phase transition
temperature.

3. The phase 0, T-diagram is constructed and the
pressure coefficient of the shift the phase transition
temperature of the TGS+Cr¥* crystal is determined. It is
dTc/do, = — 5.9 K/kbar.

4. It is shown that the influence of metallic impurities on
the dielectric properties of TGS crystals increases with
increasing of the atomic mass of impurity.
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BMJIMB OAHOBICHOIO TUCKY HA ®A30BMIA NEPEXIA
B KPUCTAJIAX TIC, JIEFOBAHUX METAJIIMHUMU AOMILLUKAMMU Cr3*

lNpedcmasneHo pesynbmamu ekcrnepuMmeHmansHUX Oocrnio)eHs erugy OOHOBICHO20 MUCKy Ha OierlekmpuyHi ernacmusocmi kpucmanie TI'C, ne2osaHux
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BJINAHUE OAHOOCHOIO AIABJIEHUS HA ®A30BbIA NEPEXO
B KPUCTAJUJIAX TIC, TETUPOBAHHbIX METAJUTMMECKUMUN MPUMECSIMU Cr3*

lMpedcmasneHo pe3ynbmambi 3KcnepUMeHMarbHbIX uccnedosaHull enusiHUs OOHOOCHO20 OaerieHusi Ha Ouanekmpudeckue ceolicmea kpucmarnos TIC,
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Knroyesble criosa: cecHemoanekmpuku, gpasosbiti nepexod, TI'C, Memannuyeckue npumecu, 0OHOOCHOe 0aesrieHue, OUEKMPUYECKast MPOHUUaeMOCMb.
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FILM THICKNESS DETERMINATION FROM ITO REFLECTION SPECTRA OF INFRARED RADIATION

Determining the thickness of transparent film deposited on transparent substrate causes difficulties because the common optical
methods are unsuitable. In this paper, the film thickness was determined from the plasma wavelength obtained from infrared reflection
spectra. Matching results obtained with profilometer method confirms the possibility of both methods of thickness measurement for ITO
thin films. Their relationship with the mechanical properties of film deposition system simplifies the definition of film thickness.

Key words: transparent film, thickness measurement, profilometer, reflection spectrum, plasma wavelength.

Introduction. Due to its unique combination of
properties (high conductivity, light reflection in the near
infrared (IR) spectrum and transparency in the visible
spectrum), indium tin oxide (ITO) has wide application
(see., eg [1,8]).

In the process of device miniaturization also reduces film
thickness, resulting in increased current density that flows
through the ITO films. This leads to considerable Joule
heating of the film. This heating can significantly change the
electrical and optical properties of the films [3, 5]. In this
regard, for predicting the reliability of the devices
containing the ITO film, it is important to know the cross-
sectional area of the film, which includes the film thickness.
Because of the small size of devices direct measurements
of the film thickness are impossible.

The article offers a contactless method for determining
of the film thickness by the number of magnetron turns in
their deposition, calibrated in thickness by two independent
methods — IR reflectance spectra and by profilometer.

Method of determination of the film thickness from
reflectance spectra of IR radiation. It is known [1], that
ITO films have a high reflectance in the near IR spectrum.
At the same time, in the visible spectrum reflectance is

practically zero. The wavelength A,, when the reflection
becomes dominant, known as plasma wavelength. Plasma
wavelength depends on the concentration of charge
carriers. According to the classical theory [4], it is
associated with concentration as

2nc |ggem*
i 2

where cis the speed of light in vacuum, eis electron
charge, ¢yis dielectric constant, €=4is permittivity of the

ITO material, m*=0,29m, is the effective mass of the
electrons in it [1], m, is electron mass. Defining the plasma
wavelength %, from reflectance spectrum, we can calculate
the concentration of electrons in the film by the formula (1).
The mobility of the charge carriers u and their

concentraton n  are usually determined from
measurements of the Hall effect [6]. If a weak magnetic
field condition, p and n can be determined from a Hall

measurement as

: )

o~
c

-B
1 J
=, 3)

ed Uy
where | and b are the length and width of the sample,
respectively, Uis a voltage drop on it, Uyis Hall

electromotive force (emf), J is the current flowing in the
film, B is magnetic field. From (2) and (3) is obviously, that
knowing planar dimensions, the mobility can be determined
directly from the Hall effect measurements (2), and to
determine their concentration n we need to know the
thickness of the film d .

Thus, defining the carrier concentration independently
with the formula (3) the film thickness d can be calculated.

Samples. ITO films were fabricated by magnetron
sputtering [7]. The target of In-Sn alloy was sputtered in a
mixture of argon and oxygen. The content of tin in the
target ranged from 0 to 30%. Pressure of gas mixture was
p= 0,57 Pa, and the partial pressure of oxygen po, was

chosen in a such way that the value poz/p was
© Ishchuk L., Pavlyuk S., Zubrikova O., Paltsev A., 2015
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0,085+ 5%, thus ensuring approximation electrical and
optical parameters of the films to actually used in
engineering applications [2].

Films were deposited on substrates of chemically pure
glass with dimensions 2cmx2cmx0,05cm at room
temperature, covering the entire surface of substrate.

The thickness of the films in the deposition process was
measured relatively. Magnetron was placed in a cylindrical
chamber, and the cassettes with substrates were fixed on
the inner wall of the chamber. In the process of deposition
magnetron turned around a vertical axis several times,
passing over each of the substrates. The number N of
such turns was calculated. In samples under investigation
this number was ranged from 3 to 15. Film uniformity of
some samples was examined by probe method [5].

Plasma wavelength definition. IR reflectance
spectra were measured by IKS-20 spectrometer. First of
all, the spectra calibration was performed, i.e. registration
of mirror reflectance spectrum. Mirror is a surface that is
in the range of wavelengths used shows the reflectance
R, =1. Separately recorded the reflection spectrum of

the substrate R;.

The radiation falls on the film normally to the surface
(Fig. 1).

Rm=1
(1- RARs
Rt
film 1- Ry
substrate

Fig. 1. Schematic drawing of the IR rays passing
in the film under investigation

We assume that the intensity of radiation falling on the
film surface is 1, the outer surface reflectance of the film is
R; , the substrate reflectance is R;. Then on the interface

between the film and the substrate falls the ray intensity
1-R;, will be reflected (1-R;)R,, and the spectrometer

will register the signal intensity R=R;+(1-R)R;,

consisting of the signal reflected by film (first term), and the
signal reflected on the boundary of the film and the
substrate (second term). Then for each wavelength of the
spectrum the film itself reflectance will be determined as
Re=nle @)

1- R,

IR reflection spectrum calculated by such algorithm (4)
for the film, containing 91% In + 9% Sn, and was received
at the ratio of pressure poz/p =0.085, is shown on Fig. 2.

Number of turns of the magnetron was N =5.

Then by formula (1) the concentration of charge carriers
n in the films was determined, and by formula (3) their
thicknesses d were calculated. The film thickness vs the
number of magnetron turns dependence received by the
proposed method are shown in Fig. 3 with empty circles.

IR radiation reflection spectra obtained for the films of
other composition and of other thicknesses qualitatively
coincide with illustrated in Fig. 2. Quantitative differences

were associated with different concentrations of electrons
in them.

R, %
100 -

80 A

60 -

20 A

0 T T T T T T T T T
I 10 15 20 25
72 ?,?m

Fig. 2. IR reflection spectrum of the ITO film,
and an illustration of the determination of plasma wavelength

Plasma wavelength was determined for reasons that
when A>3, the reflection of electromagnetic waves

becomes predominant. Since the transition to reflection
looks like indistinct step, to determine 2, on the spectrum

we approximated areas with the lowest and highest rates of
growth to the wavelength axis, finding A; and 2,,

respectively. Then A, =(%+A4;)/2. For the spectrum
Fig.2 2,=7.88 um,
A, =8.17 um. Measurement error for this method was

shown in Ay =8.46 pm, so

(3...5)% for different samples.

d, nm
100 -

80 -
60
40

20

0 2 4 6 8 10 12 14 16
N, turns

Fig. 3. The film thickness vs the number of magnetron turns
dependence received from the spectra of IR radiation
reflection (empty circles) and by profilometer (black circles)

To confirm the validity of the proposed method an
independent measurements of film thickness were made
by profilometer of 296 industrial model. The results are
shown in Fig. 3 with black circles. The results obtained with
both methods agree well.

Conclusion. The paper presents an alternative non-
contact method of the film thickness determining, based on
the determination of plasma wavelength from the IR
radiation reflectance spectra. A reconciliation of the results
obtained by this method with measurements of thickness
using profilometer confirms the viability of the proposed
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method. Matching the results of two independent methods
simplifies determining of the thickness reducing it to
counting the number of magnetron turns and using the

calibration dependence d(N) .
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BU3HAYEHHSA TOBLUMHU NNIBOK ITO 3A CNEKTPAMM BIABUTTA IHOPAHYEPBOHOIO BUNTPOMIHEHHSA

BusHa4YeHHs1 moswUHU Mpo30opoi niieKu, HaHECEHOI Ha NPo30py MIOKIaoKy, BUKITUKAE MPYOHOW, MOMYy WO Halbinbw nowupeHi onmuy4Hi Memoou eusisurnuch
HerpudamHumu. Y uiti cmammi mosujuHa rinieku byra susHayeHa 3a rna3mosoto O08XKUHOK X8UIT, OMPUMAaHOI 3i criekmpie 8i0bummsi iHgbpayep8oHO20 8UNPOMIHEHHS.
Y3200eHHs1 ompuMaHUXx pe3yribmamie i3 ompumaHuMu MemoOoM rpoghiriomempii NidmMeepdXye MOXIIU8ICMb 8UKOPUCMAaHHST 060X MemoOie 8UMIPHOBaHHS MOBLUUHU
At moHkux rnigok ITO. IXHitl 36'A30K 3 MeXaHIYHUMU 61acmUBOCMAMU CUCMEMU 0CalKeHHsI MITI8KU CrIpOLLYE 8USHAYEHHS i MOSLUUHU.

Knroyoei crioea: rposopa riniska, 8UMIPHOBaHHST MOBLYUHU, poghinomMemp, crnekmp 8idbummsi, rnnaamosa 008XuHa Xeuri.

Wuwyk J1., kaHa. dous.-mart. Hayk, MaBniok C., kaHA. us.-MaT. Hayk,
3y6pukoBa O., cTyA., kad. anekTpodusmnkm,

Nanbues A., cTyA., kKad. hrU3nyecKon INeKTPOHUKN

dakynbTeT paanmodn3nKm, 3NEKTPOHUKU U KOMMNBIOTEPHbLIX CUCTEM
KueBckuit HauMoHanbHbIN yHMBepcuTeT UMeHn Tapaca LLleB4yeHko

OMPEAENEHME TOJILLUMHbI NIEHOK MO CMEKTPAM OTPAXKEHMSA UH®PAKPACHOIO U3JTYYEHUA

OnpedeneHue MONWUHbI MPO3payYHoOLl MIeHKU, HaHECEHHOU Ha rpo3payHylo roONoXKY, 6bi3bleéaem MmpPyOHOCMU, MaK Kak Hauboriee pacrpocmpaHeHHble
onmuyeckue mMemodbl OKa3asuch Hernpu2oOHbIMU. B amol cmambe monuwuHa rneHKu bbina onpedernena o rnnasmeHHou OruHoU 8011HbI, MOMyYEHHOU U3 Criekmpos
ompaxeHus1 UHgbpakpacHo20 u3rydeHusi. CoanacosaHue MomyYeHHbIX pe3ybmamoe C MosyYeHHbIMU MemodoM rnpoghuiomMempuu noomeepxdaem 803MOXHOCMb
ucnorne306aHusi 06oux Memooos8 U3MepPeHUs: MOonuUHbI Or1sl MOHKUX rieHok ITO. Ux ceasb ¢ MexaHuYyecKuMu ceolicmeamu cucmeMbl OCaXOEHUS MiIeHKU yrpouwaem
orpederieHue ee MonujUHbI.

Kntoyesble criosa: npospayHasi nneHka, U3MepeHUsi MonuwuHbl, NpoghusioMempusi CieKmp OMpPaXeHUsi, riasMeHHasi OruHa 80sIHb|
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LUMINESCENT NANOCOMPOSITES BASED ON NANOSILICON IN SILICA AEROGEL MATRIX

Optical and photoluminescent properties of nc-Si/ar-SiOx nanocomposites have been investigated using FTIR spectroscopy and PL
lifetime spectroscopy. Powdered silica aerogel was prepared from sodium silicate water solution using sol-gel technique. Nanocomposites
were produced by pressing the mixture of the silica aerogel powder with the nanocrystalline silicon powder into pellets. The intensive
photoluminescence was observed with two stipulated peaks at short-wave (at around 400 nm with maxima at 475, 556 and 596 nm due to
the aerogel photoemission) and long-wave (at around 630 nm with the maxima at 610, 630 and 660 nm caused by the emission processes
in nanosilicon) regions. Variation of the component ratio in composite material allows the modulation of the intensity ratio at maximum and
get a different color range when using these materials as phosphors. Storage at ambient conditions caused the PL peak intensity
increasing by 6 times at 1 month aging and about 20 times at 2 months aging. Such effects are explained in terms of both surface
passivation and carrier confinement in silicon nanocrystals. Process of nc-Si oxidation is accompanied by suppressing of non-radiative
recombination channels.

Key words: powdered silica aerogel, nanosilicon, defect states, FTIR transmission spectroscopy, PL lifetime spectroscopy.

Introduction. During last decades the porous silicon
and silicon nanoparticles have been considered as
promising materials for LED construction due to the high
luminescence vyield in visible region [6]. The first estimation
showed that photoluminescence (PL) quantum yield can
achieve more than 10% [19] and the electroluminescence
with much lower quantum yield was observed too [8]. Now
the production of efficient silicon photodetectors is rather
technological task than the research subject. However, the
nanosilicon have been observed to degrade during aging in
ambient atmosphere or under UV illumination due to

progressive oxidation of its large internal surface [20]. The
passivation of nanosilicon surface is absolutely necessary
to prevent the non-radiative recombination channels (e.g.
trapping by surface states) and the PL degradation due to
chemical evolution of nanosilicon surface. Different
approaches have been proposed in order to stabilize the
nc-Si luminescence: Si ion implantation into SiO, substrate
[22], LPCVD deposition of non-stoichiometric SiOy (1<x<2)
with subsequent thermal annealing precipitation [3],
surface modification and covering of PS surface [4]. The
creation of nc-Si/SiOx nanocomposites by different

© Karlash A., 2015
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methods [1, 23] allowed obtaining Si nanoparticles
embedded into the dielectric envelope preventing the
oxidation processes.

Different composite materials have been used like
phosphorescent materials, photodetectors, catalysts, lasers
and sensors [15, 17, 18]. There has been resent interest in
the study of the properties of silica aerogel powders [11]
and silica aerogel-nc-Si composites that also demonstrate
intense luminescence in the visible region [1, 13]. Silica
aerogel (ar-SiO4) demonstrates a strong visible PL in the
blue—green region [2].

In this work we have investigated the evolution of PL
spectra of nc-Si/ar-SiOx nanocomposites with the different
nc-Si — ar-SiOx concentration ratio. Nanocomposites were
produced by pressing the mixture of the silica aerogel
powder with the nanocrystalline silicon powder into pellets
[13, 14]. The considered nanoporous materials are simple
and inexpensive in preparation.

Experiment. Powdered silica aerogel ar-SiOx was
prepared from sodium silicate water solution and ethanol-
based catalyst [13]. The drying process was carried out in
an autoclave at supercritical parameters (T=240°C and
p=8- 10° 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. In our earlier work [1] it was observed using
X-ray difraction analyses that porous aerogel ar-SiOx is the
mixture of amorphous and crystal phases that consists of
crystobalite and quartz.

Nanocrystalline silicon (nc-Si) powder was produced by
electrochemical etching of p-Si plates in HF: CzH50H H20
electrolyte at constant current mode of 50 mAcm? during
2,5 hours. Porous powder was then rinsed in ethanol, dried
in air and thoroughly grated. The final product were
characterized to be the silicon nanocrystallites surrounded
by the porous silicon shell with the mean diameters of
(2-3) nm [14]. Their porosity was about 60-70%.

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

The samples used for PL measurements were
prepared by pressing the mixture on nc-Si and ar-SiOy
powders with the different nc-Si — ar-SiOx concentration
ratio into pellets with diameter of about 12 mm and typical
thickness of 0,2+0,3 mm at a pressure of 10 MPa and 18
MPa. Fig. 1 shows the image of nanocomposite surface
obtained using AFM.

-3,67 ?m

-3,89 ?m
y: 2,0 ?m

Fig. 1. FM image of nc-Si/ar-SiOx nanocomposite:
the surface morphology

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 =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.

FTIR spectroscopy. Fig.2 shows the FTIR
transmittance spectrum of nc-Si/ar-SiOx(1: 50)
nanocomposite. The presence of rocking (467 cm’ )
bending (796 cm’ ) and stretching LO (1160 cm’ ) and TO
(1076 cm” ) bands of silicon oxide have been revealed [9].
Keeping at ambient conditions even for a short time leads
to partial oxidation of silicon nanocrystals, that's why we
almost don't observe the presence of Si-H groups in the
FTIR spectrum of nc-Si/ar-SiOx sample. The absorption
peak at 600 cm™” corresponds to volume Si-Si bonds in
silicon nanocrystallites [9]. The contribution of absorbed
water and surface OH groups have also been revealed in
the spectral region of 3000-3700 cm’ ! with the maximum at
3466 cm” (O-H stretching V|brat|0n modes and adsorbed
water) as well as at 1687 cm” (O-H bendlng vibration
modes). Two shoulders at 3600 and 950 cm” associated
with Si-OH vibration modes [9].

Transmittance, a.u.
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Si-OH 950

0,41
~!
o
1 ) =3
02{ S % £i
T T T
: o ©
0 ° o S
v Si-0-Si
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Fig. 2. FTIR transmittance spectrum \
of nc-Si/ar-SiO, nanocomposite, correlated by KBr spectrum.
Characteristic absorbing modes are indicated

As a result, the FTIR transmittance spectra revealed
that in the considered aerogel processing from water
solution the internal surface of nc-Si/ar-SiOy
nanocomposite is almost fully covered with hydroxyl
groups, that play the dominant role in the oxidation
processes at a humid atmosphere.

PL spectroscopy. The photoluminescence was
studied for the samples with the different ratio of silica
aerogel and nc-Si (Fig. 3a). There are two clearly
separated luminescent bands: band at around 400 nm with
maxima at 475, 556 and 596 nm due to the aerogel
photoemission, and band at around 630 nm with the
maxima at 610, 630 and 660 nm caused by the emission
processes in nanosilicon. The variation of component ratio
in composite material allows the modulation of the intensity
ratio at maximum and get a different color range when
using these materials as phosphors (Fig. 3, b,c).

Maximum PL for porous Si is observed at 650 nm, and
is usually attributed by band-to-band recombination in Si
nanoparticles of 2-3 nm diameters [7]. The XRD spectrum
of nc-Si/arSiOy composite presented in our early work [14]
reveals diffraction peaks of nanocrystalline Si. The average
Si crystallite sizes were roughly estimated from these
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diffraction peaks and the wide size distribution was
revealed in the range <9 nm.

In [14] the fractal model of silicon nanocrystals
embedded into silica aerogel matrix was proposed.
According to this model, the PL emission band of
nanosilicon stipulated by the exciton recombination in
silicon crystallite involving surface states formed due to the
interaction with the oxide matrix.

The comparing PL of pure components displays that
emission yield in porous Si at least one order is stronger
than that of silica aerogel. Silica aerogel displays wide PL
spectra that can be fitted by Gauss components at 380,
410, 490, 570 and 660 nm. All PL peaks appear well below
the band gap of stoichiometric SiO; (8.2 eV) [13]. However,
the band gap of non-stoichiometric SiO4 is less and
spreads up to 1.1 eV when x=0. It means that emission of
aerogel is attributed ether to non-stoichiometric structure
SiOx (1<x<2) or to defects or surface states.

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.) [2, 10, 12].

PL intensity |, a.u.
7,07

400 500 600 700 800
Wavelength A, nm (c)

Fig. 3. (a) PL spectra of nc-Si/ar-SiO, nanocomposites
with nc-Si: ar-SiO, concentration ratio: 1 — 0:1 (pure nc-Si);
2 -3:2; 3-5:1; 4—1:0 (pure aerogel). Photos of light
emission of the pressed samples: (b) — ar-SiOy (blue)
and (c) — nc-Si/ar-SiO, (orange) under excitation
by pulsed nitrogen laser (A=337 nm)

Silica aerogels have several types of microstructural
defects that can give contribution to the photoemission [2].
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 SiOx tetrahedra. These include
defects with dangling bonds: 1) non-bounded oxygen hole
center (NBOHC), which is described as follows: =Si—Oe
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(Il)) [21].

Fig.4 shows the evolution of PL spectra for nc-Si/ar-
SiO4 composites during storage at ambient conditions for a
week. Samples were formed at different pressure (10 MPa
and 18 MPa), the relative concentration of nanosilicon in
composite was 2% (ncSi:ar-SiOx = 1:50). Analyzing the
obtained data, we can conclude that in both samples the
long-wave PL band intensity increases under oxidation at
ambient atmosphere. As mentioned above, this peak
corresponds to the radiative recombination transitions in
silicon nanoclusters. At the same time, the short-wave PL

band intensity is significantly reduced in aged samples. It
should be noted that these effects are more pronounced
for the sample formed at higher pressure.

PL intensity |, a.u.

20
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Fig. 4. The evolution of the PL spectra of nc-Si/ar-SiOy
nanocomposites with comcentration ratio 1:50 under
oxidation at ambient conditions: sample formed at pressure
of 10MPa freshly prepared (1) and after 7 days aging (2);
sample formed at pressure of 18MPa freshly prepared (3)
and after 7 days aging (4)

The dependence of PL from external factors (external
pressure) or from the variation of the nc-Si chemistry
(oxidation) is naturally accounted for by surface states
changes [5] and size reduction. Indeed, the same effect of
nanocomposite spectra evolution is observed during the
aging in ambient atmosphere.

PL intensity, a.u.
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Fig. 5 The evolution of integrated PL spectra under process
of aging at ambient conditions for nc-Si/ar-SiO, sample:
1 - freshly prepared sample and after aging during:
2 — 1 month; 3 — 2 months

Fig. 5 demonstrates the PL spectra of the nc-Si/SiOx
sample pressed under 10 MPa as prepared and aged
during 1 and 2 months. The PL peak intensity increases by
6 times at 1 month aging and about 20 times at 2 months
aging. Such PL behavior is typical for PS: keeping in
ambient air results in emission blue shifting, however, the
PL intensity canboth increases and decreases [5, 16]. Such
effects are explained in terms of both surface passivation
and carrier confinement. Among reasons we can note the
subsequent nc-Si oxidation due to both solid-solid
interaction with hydroxyl terminated silica aerogel (the last
is very clearly detected in FTIR spectra of aerogel [13]) and
reactions with  atmospheric oxygen and water:
Si+0,—Si0; or Si+2H,0—SiO+H,. Process of nc-Si
oxidation is accompanied by suppressing of non-radiative
recombination channels.
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Conclusions. In this work we have investigated the
photoluminescent properties of nc-Si/ar-SiOx
nanocomposites with the different nc-Si — ar-SiOy
concentration ratio. Nanocomposites were produced by
pressing the mixture of the silica aerogel powder with the
nanocrystalline silicon powder into pellets

The FTIR transmittance spectra revealed that in the
considered aerogel processing from water solution the
internal surface of nc-Si/ar-SiOx nanocomposite is almost
fully covered with hydroxyl groups, that play the dominant
role in the oxidation processes at a humid atmosphere.

The intensive photoluminescence was observed with
two stipulated peaks at short-wave (blue) and long-wave
(orange) regions. The variation of component ratio in
composite material allows the modulation of the intensity
ratio at maximum and get a different color range when
using these materials as phosphors.

Storage at ambient conditions caused the PL peak
intensity increasing by 6 times at 1 month aging and about
20 times at 2 months aging. Such effects are explained in
terms of both surface passivation and carrier confinement.
Process of nc-Si oxidation is accompanied by suppressing
of non-radiative recombination channels.
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kac. enektpodpiankn, ®akynbTeT paaiodi3ukmn, eNeKTPOHiIKM Ta KOMM'KOTEPHUX CUCTEM

KviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleBueHka

JNIIOMIHECLIEHTHI HAHOKMNO3UTU HA OCHOBI HAHOKPEMHIIO
B MATPULI AEPOTrEJ/1FO KPEMHE3EMY

lMposedeHo AocridKeHHs onMmuYHUX ma (bOMOMOMIHECUEHMHUX eracmusocmell HaHokomnosumie — nc-Si/ar-SiOx 3 eukopucmaHHam FTIR criekmpockonii
rporyckaHHs ma ¢bomostoMiHecueHmHoi criekmpockonii. [MopowkonodibHul aepoeenis KpemHe3emy 6yrio 8U20mOoeIeHO Ha OCHO8I B0OOHO20 PO34UHY cuslikamy 3
8UKOpUCMAaHHSIM MeXHoJs10ail 3011b-2es1b CUHMe3y. HaHOKOMIo3umu 8U20MoeeHo WISIXOM NpecysaHHs1 y euansidi Miryiok CyMilli MopoLwKie aepozesito KpeMHe3eMy ma
HaHOKpuCMarniyHo2o KpemHito. BusieneHo iHmeHcusHy ¢homornntoMiHeCUEHUjto 3paskie y eudumili obracmi criekmpy 3 080Ma OCHOBHUMU MaKcuMyMamu:
Kopomkoxsunsosum (6insi 400 Hm 3 nikamu ripu 475, 556 ma 596 Hm), 06ymoeneHUM emiciero aepoeerto, ma dosz2oxsunsosum (bins 630 Hm 3 nikamu rpu 610, 630 ma
660 HM), sIKUU BUHUKaE eHacniook pekoMbiHauitiHuX repexodie y HaHOKpeMHil. lokasaHo, w0 3MiHa 8iOHOCHO20 8MiCmy KOMIMOHeHmM 8 KOMo3umi 003807isie
MOOyrHo8amu iHMEeHCUBHICMb 8 MaKcuMymax ¢homOMOMIHECUEHU, OmpuMyOHU npu UbOMYy Pi3Hy KOMbOPOBY 2aMy Mpu 8UKOPUCMAaHHI Uux KOMIo3umie 8 siKocmi
TomiHogbopis. Bumpumka komroaumig nc-Sifar-SiOx 8 ammocgbepHux ymosax rpu3godums A0 3pocmaHHs iHmeHcusHocmi ¢homorstoMiHecueHuii y 6 pasie ricrnsi
sumpumku rpomsicom 1 micsausi ma y 20 pasig nicrisi eumpumKku rpomsicom 2 micsuis. lpouecu OKUCHEHHSI HaHOKPEMHito 8 Komro3umax  nc-Si/ar-SiOx
CYrPOBOOXYHOMBCS MPUSHIHEHHSIM KaHaslie 6e38UrpomiH8asHOT pekoMbiHauil.

Knroyoei croea: nopowikonodibHuli aepozerib KpeMHe3eMy, HaHOKpeMHill, dechekmHi cmaru, FTIR criekmpockonisi pornycKaHHs, GhomontoMiHeCUeHUis.

Kapnauw A., kaHa. ¢pu3.-maT. Hayk
kad. anekTpocunsnku, PakynbTeT paanodU3nKmn, INEKTPOHMUKM U KOMNbIOTEPHbIX CUCTEM
KueBcbkuit HauMoHanNbLHbLIM YHMBepcuTeT MeHn Tapaca LLleB4yeHko

JIOMUHECLEHTHBIE HAHOKOMMNO3UTbl HA OCHOBE HAHOKPEMHMUA
B MATPULIE ADPOrE/1IA KPEMHE3EMA

[MposedeHo uccnedosaHue onNMUYECKUX U ¢homOMOMUHECUEHMHBIX ceolicme HaHokomnodumoes nc-Si/ar-SiOx ¢ ucronb3osaHuem FTIR cnekmpockonuu u
gomontomuHecueHmHou criekmpockonuu. [TopowkoobpasHbili aspozerib KpeMHe3ema U320ImosieH Ha 0CHO8e 800HO20 pacmeopa cunukama ¢ Ucrosib308aHUem
mexHonoauu 305b-2e/lb CUHMe3a. HaHOKOMMo3umbl U320MoeneHb! MymeM npeccosaHusi 8 sude mabriemoK CMecu MOPOLWKO8 aspozens KpemHesema u
HaHokpemHusi. OBHapy)eHa UHMeHCcUsHasi GhomostoMUHECUEeHUUs1 06pa3syos 8 eudumoli 0briacmu crnekmpa ¢ 8bipaXxeHHbIMU MaKCuMyMamu: KOPOIMKOBO/THO8bIM
(okono 400 Hm ¢ nukamu npu 475, 556 u 596 HMm), obycnoeneHHbIM amuccueli aspoeerisi, U ONMUHHOBOIHOBbIM (0koro 630 Hm ¢ nukamu npu 610, 630 u 660 Hm),
Komopeili 803HUKaem ecriedcmeue peKoMbUHaUUOHHbIX Nepexodos 8 HaHoKpeMHuU. [Toka3aHo, Ymo u3MeHeHUEe OMHOCUMesbHOU KOHUEHmMpayuu KOMIOHEHM 8
KoMro3um+HoMm obpasue ro3eosnsiem Modynuposamb UHMEHCUBHOCMb 8 MakCuMyMax ¢hOmOMOMUHECUEHUUU MpU UCMOb308aHuUU uccredyembix obpasuyos e
Kayecmee  fIIOMUHOGOPoB. Bbidepxka komnosumos nc-Si/ar-SiOX npu  ammMocghepHbIX — yCriogusix  npueooum K YBENUYEHUID  UHMEeHCUSHOCMU
gomontomuHecuyeHyuU 8 6 pa3 nocrie ebidepxku 8 mevyeHue 1 mecaya u 8 20 pa3 rocrie 8bI0ep KU 8 amMOCHEPHbLIX YCI08UsIX 8 meyeHue 2 mecsues. [poueccsi
OKUCIIeHUSsT HAHOKPEMHUST 8 KOMIO3UMHbIX 0b6pa3uax conposoxdaromes naccusayuell kaHanos 6e3usnyyamerbHol pekoMbuHayuu.

Knroyeeblie cnoea: nopowkoobpasHbili aspozefib KpemHe3ema, HaHOKpeMHul, OegekmHble cocmosiHusi, FTIR criekmpockonusi nporycKaHus,
¢homontoMuHecyeHyus1
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CAUSED BY EXTERNAL ELECTRIC FIELD THE EFFECT
OF THE DOMAIN WALLS POSITIONS CHANGES IN EPITAXIAL FERRITE-GARNET FILMS

By method of polarizing microscopy was investigated by us the effect of changes of the domain walls (DWs) positions of epitaxial ferrite
garnet films as reaction to combined connection of alternating and static electric fields. In transmitted light was detected a changing of the
magneto-optical signal value in local areas of magnetic domain structure with DW in optically scaned film sites. The value of the mentioned
effect essentially depended on a magnetic field which has been enclosed in a plane of the investigated sample.

Key words: domain wall, magneto-electric effect, electric field, magnetic field.

Introduction. Ferrite-garnets us the object of intense
theoretical and experimental investigations are used for a
long time [10]. Garnet crystals, as a ferrimagnetic oxide
grown on a GGG (non magnetic garnet) substrates are well
known to play an important role in technological devices for
example in magneto-optical device components for
integrated optics, microwave devices. The large unit cell
(12.383 A) and the existence of 3 crystallographic sites for
magnetic ions give an enormous freedom for substituting.
As is well known, garnets are transparent and magneto-
optical observation of the magnetic structures of ferrite-
garnets is possible. As is generally true for crystalline
materials, the basic physical crystal properties (e.g. optical
absorption, Faraday rotation) of ferrite-garnets depend to a
considerable extent on its defect structure. So, for
example, Bi3+ ions are well known to modify strongly the
above-quoted magneto-optical crystal properties. Similar
influences can be ascribed to Pb2+ impurities, which are
always present in ferrite-garnets as part of the usual crystal
growth techniques [4]. Particular attention is paid to domain
walls of garnets, (in particular of yttrium-iron-garnets (Y1G))
as micromagnetic structural elements of these materials.

As it is known, an external magnetic field, applied to a
ferrite-garnet crystal induces in it the optical phenomenon —
Faraday effect. High Faraday rotation seems to be a
property of most garnets, particularly of rare earth iron
garnets [4]. But nowadays, except publications about
investigations of the magnetic properties of garnets, there
are also publications about manifestations of magneto-
electric (ME) effect (MEE) in them [12, 2]. The magneto-
electric effect consists in induction of polarization by a
magnetic field or magnetization by an electric field and
expresses the link between magnetic and electric
properties in materials [1]:

p; = oyH

i
where a; —the ME effect tensor components.

m; = on,-/-E,- ,

The electronic state of the crystal is modified by the
externally applied electric field and the modification is
detected by the change of the magnetic moment. The
starting point for investigations on an actual crystal was
marked by Dzyaloshinskii [3] by the prediction of the effect
in the antiferromagnetic Cr,O; . In crystals of Cr,0, ME

effects are allowed by the magnetic symmetry. After this,
Astrov [1] reported the experimental observation of MEE.
Linear magneto-electric effect has been observed in many
magnetic compounds, including yttrium iron garnet. Higher-
order effects, the magnetic moment proportional to the
square of the electric field were also discovered
experimentally.

The first observation of the ME effect in yttrium-iron-
garnets (YIG) was reported by O'Dell [9] and was
subsequently studied in a number of papers [12, 2]. MEE is
not large in the magnitude in YIG but sensitivity of the
magneto-optical response of YIGs to an external field is
one of the main properties of interest for imaging

applications. One of the high-sensitive experimental
methods for the ME phenomena investigation deals with
the registration of the changes of light polarization plane
Faraday rotation (aemo) under action of an electric field
applied to the crystal (optical polarimetry method). The
appearance of such changes has been termed the
electromagneto-optical (EMO) effect [8]. EMOE can be
interesting from the practical point of view as a basis for
creation of optical devices with two channel management
on electric and magnetic fields.

Of particular interest are the investigations of the
behavior of micromagnetic structures of ferrite-garnets in
an electric field by optical methods. In our earlier
investigations we used EMO method for investigation of
MEE in YIG films [6, 7]. Thus, the basic of our conclusions
that magnetization value, which mainly defines the light
polarization plane rotations, does not change essentially
under the electric field action. At the same time we
assumed, that the electric field action leads to a small
changing of domain-wall positions or theirs width. But we
did not spend direct supervisions of the specified
displacements of DW.

In this paper, we report the results of some experimental
investigations of the influence of alternating and static
electric fields (jointly) to the domain structure (DS) of YIG
epitaxial films. Special interest represents investigation of
reaction of DWs of the YIG films on electric fields.

Experimental. In our experiments, we used the method
of optical polarimetry, which allows us to measure the
changes of light polarization plane Faraday rotation under
action of an electric field applied to the film (EMOE). The
measured parametre is the angle of rotation agmo. Our
experimental setup was composed from a high-sensitive
laser polarimeter (with the polarizing microscope)
described in details in Refs. 6. When a YIG fiim was
viewed in linearly polarized light it was possible to reveal
180° DWs because of the magneto-optical Faraday effect
(in the presence of the analyzer): the DWs appeared as
narrow bright areas (boundaries) between the bright and
dark domains. At visual observation of domains by means
of a polarising microscope, turning the analyzer concerning
a polarizer, it is possible to extinguish completely the
monochromatic light which is passing through domains of
different polarity. When the polarizer and the analyzer are
crossed, magnetic domains have identical colour and DW
looks like a dark line.

The investigated YIG films with typical labyrinth domain
structure were deposited on the Gd;Ga;O,, substrates

with a thickness of about 600 um. The typical thickness of
the films was about 7 um, the width of domains was about
15 um at H=0, and the DWs width was about 0.5 um. The
domain's magnetization was normal to the film plane. A
low-frequency alternating electric field (E-) with frequency
of 1000 Hz was applied to the sample. The investigated
sample was placed between two optically transparent
electrodes and one of the electrodes was placed on the

© Koronovskyy V., 2015
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YIG film surface and the other one was placed under the
substrate. The electrodes were deposited by spraying on
the inner surfaces of the two thin glass plates. The static
electric field (E.) was applied also. 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. A He-Ne laser (A=0.63 pm) was
used. Experiments were carried out at room temperature in
geometry when E- || k, E. || k and H Lk, where k is a light
wave vector. 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. Our measurements of EMOE
at H=0 (E-#0) at local points of laser probing (d= 3 ym) on
separated YIG film sites with DW not showed changes of
the angle aemo value when E.=0. Circular diaphragm
exposed so that the DW was in the middle of the scanned
local area of the film and when the magneto-optical signal
(Faraday rotation) is equal to zero. But, with increasing of
DC electric field (E.) value and when constant value of AC
electric field, we registered changing of EMOE starting
from some values of E. -field (see Fig. 1, (a)). Thus, in the
absence of external magnetic field, EMOE on film sites with
DW can to be shown only when applied DC and AC electric
fields simultaneously and aemo signal value depends
essentially from DC field. When we applied magnetic field,
oriented in a film plane, display of EMOE was another. So,
even at a zero DC field and when E-#0, the EMO signal on
DW areas was registered (see electric field dependences
of EMOE at Fig. 1, (b)). EMOE value was increasing not
only with growing of the magnetic field (when E~ # 0) but
with growing of the static electric field. It was found from
our experiments that the EMO signal essential on value in
film area with DW (when H#0) was registering only under
joint action of DC and AC electric fields. Measurements
were spent only for straight sections of DW areas.
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Fig. 1 Electric-field dependences of EMOE for DS-area
with DW (for straight section of DW) in region of the laser
probe when magnetic field H=0 — (a) and when H=2000 Oe - (b)

In Fig. 2 the dependences of EMOE from positions of
scanning diaphragm in the local points of DS with DW in

scaning area are presented. Measurements were carried
out in longitudinal direction (X direction) of scanning in
relation to DWs when H=0 (a) and H=60 Oe (b). In this
case to the sample it has been applied the static and
alternating electric fields jointly. The scanning index point is
chosen arbitrarily for straight sections of DW area. As it is
possible to see from presented curves, the EMO signal in
some points of optical scanning differs from a signal
average level. It is possibly because of the interaction of
DWs with microdefects of a film occurs. The reason for
sharp EMOE "jumps" on DW is a local fastenings of DW on
microdefects of a film with the subsequent separations at
change of instant values of a variable E-field.
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Fig. 2 Dependences of the agyo from positions of scanning
diaphragm in the film region with DW: (a) - H=0; (b) — H=60 Oe.
(1-E.=1kV/mm and E- = 3.3 kV/imm; 2 — E. =2.2 kV/mm
and E- = 3.5 kV/imm). Measurements were carried out
in longitudinal direction (X direction) in relation to DW
for straight section of DW

Explanation of our results, in our opinion, may be as
follows. In this case, there are two basic moments which in
a complex have led to the received by us results: choice of
experimental conditions and the features of object for
investigations. Further more detailed about them.

Applied to a film of spatially homogeneous, continuously
operating harmonious electric field which is oriented along a
normal to the sample, leads to small changes of it magneto-
crystallographic anisotropy through direct influence of the E-
field on constants of the induced anisotropy. About change
of YIG magnetic anisotropy was informed earlier in a number
of papers [2, 6]. In our case (magneto-one-axis film), DW
represent a three-dimensional objects with non-uniform
"vortical" distribution of a magnetisation vector in them
("braided" DW [11]). The structure of such DWs is deformed
on a thickness of a film by magneto-static field which is
directed perpendicularly to DW surface. This field is created
by "magnetic poles" which are located on both surfaces of a
film. "Whirlwinds" which for lack of external fields are
localised in narrow DWs, are very sensitive to changes of a
constant of magnetic anisotropy and react by compression
or smearing at its changes. In our experimental conditions,
magnetic field oriented in the plane of the sample and when
is perpendicular to the DW can change the DW structure [5]
and induces the redistribution of the resulting field in the film
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plane on a thickness of the sample. It leads to increasing of
a magnetic dispersion field at one surface of the film and,
accordingly, to easing at another. Specified field is
substantially not uniform along the thickness of the film and
that creates conditions for a weak deflection of DW. When
polarity of a low-frequency electric field changes, because of
reduction of an effective operating field, the DW has a bend
instability and because of it are possible the harmonious,
near the superficial distortions of DW profile.

l.e., probable, we have display of magneto-static
instability of the domain which is shown at periodic, very
weak, expansion-compression of the domain (one half-cycle
of the E-field — expansion, and another — compression).
Moreover, parameters of the surface layers of epitaxial
garnet films on the free space borders and the substrate
differs from each other and the response of the film surfaces
to external influences (in particular on the E-field) may be
different. Thus, at joint action of the constant H — field
oriented in a film plane (i.e. directions of the labyrinth

DWs in a film plane are fixed by this field) and a
variable E-field, stability such "created" DWs to small
external influenses, in particular, to a constant E-field
changes (Fig. 1). It is realised a less "favourable" DW
which is less steady against external influenses. A turn or
bend of a DW plane are "forbidden" by H-field. The
inclination of DW plane is possible only in E — fields and
EMO signal reacts to it (see Fig. 1).

Conclusions. Thus, our results of electromagneto-
opticall investigations of the ME interaction influense on
transformation of the YIG DWs as a inhomogeneous
micromagnetic structures showed the following. Small in
value but sufficient for registration by magneto-optical
methods the influense of the E-field on distribution of the
magnetization in these structures is observed only in
certain experimental conditions, when a complex influence
by constant and variable E-fields (applied perpendicular to
the film plane) and a constant H-field (applied in the plane
of the sample). On a small near-surface displacement of
the DW profile reacts EMO signal by change of the value.
In absence of an external H-field, applied in the plane of
the film, the ME effect on DW is very small in value. The
received results testify in favour of the assumption, that the

KopoHoBcbkui B., kaHA. ¢is.-maT. Hayk,

main cause of ME manifestations in ferrite-garnets is the
change of magnetic anisotropy in E-field.

REFERENCE

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

2. Aubert G. A Novel Approach of the magnetoelectric effects in
ferrimagnets // JMMM. — 1983. — Vol. 31-34. — P. 767-768.

3. Dzyaloshinskii 1. E. On the magneto-electrical effects in
antiferromagnets // Sov. Phys. — JETP. — 1959. — 10. — P. 33-35.

4. Hansen P., Klages C., Schuldt J. and Witter K. Magnetic and
Magneto-Optical properties of Bismuth-substituted lutetium iron garnet films
/I Phys. Rev. B. — 1985. - Vol. 31. - 9. — P. 5858-5862.

5. Hubert A. Theorie der doménenwande in geordneten medien //
Springer-Verlag. — 1974. — P. 377.

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

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

8. Krichevtsov B. B., Pisarev R. V., Selitskij A. G. The electromagneto-
optical effect in yttrium iron garnets Ys;FesO4, // JETP Lett. — 1985. — 41. —
P. 317-319.

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

10. Paoletti A. Magnetic garnet films // Special Issue on Magnetic
Garnet Films. — 1984. — 114. — P. 240.

11. Schlomann E. I/ J. Appl. Phys. — 1973. — 44. — P.1837.

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

Submitted on 15.04.15

kad. Enektpodisukn, cbakynbteT pagiodiavkn, eneKTpoHiku Ta KOMN'IOTEPHUX CUCTEM

KviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleBueHka

IHAYKOBAHWW 30BHILUHIM EJ'IEKTPU‘IHVIM MOJIEM E®EKT 3MIHU NOJI0OXXEHDb
AOMEHHUX MEX B ENITAKCIMHUX NNIBKAX ®EPPUT-TPAHATIB
Memodom ronsapusauitiHoi MikpocKorii Hamu OOCTIOXy8ascs echeKm 3MiHU roroxeHHs1 OOMeHHUX Mex ([JM) e enimakcitiHux rniekax ghepum-spaHamie, K peakuis

Ha KombiHo8aHUll 8r11U8 3MIHHOZ0 i MOCMIUIHO20 eNTeKMPUYHUX rorig. Y rpoxiOHoMy ceimni 6yrio 3apeecmposaHo 3MiHU Ma2HimoonmuYHO20 cugHary Ha J1oKasbHUX
dinsiHkax MaeHimHoi domeHHoT cmpykmypu 3 M Ha OinsiHui onmu4HO20 cKkaHysaHHs. BenuduHa exka3aHo20 eghekmy cymmeso 3anexana 6i0 MacHimHo20 rons,

MIOKITIO4YEHO20 8 MIToWUHI OOCTIOXKY8aHO20 3pa3ka.

Knroqosi cniosa: domeHHa Mexa, MasHimoeneKmpuyHUl egoekm, enekmpuyHe rosne, MagHimHe rore.

KopoHoBckui B., kaHg. hus.-maT. Hayk,

Kadp. anekTpou3nkm, pakynbTeT paauoduU3nKu, INEKTPOHNKU U KOMNBIOTEPHBLIX CUCTEM

KueBckuit HauMoHanbHbIW YHMBepcuTeT UMeHU Tapaca LLleB4yeHko

WHAYLUNPOBAHHbIA BHELUHWUM 3NIEKTPMYECKUM MOJIEM 3®OEKT U3MEHEHWUSA MOIOXKEHUIA
AOMEHHbIX TrPAHUL B SNMTUTAKCUAJIbHbIX MJIEHKAX ®EPPUT-TrPAHATOB

Memodom ronsapusayuoHHOU MUKPOCKOMUU Hamu uccrie0oearncs 3ghghekm u3MeHeHUs romoxeHus OoMeHHbIX epaHuy, (Al & snumakcuarnbHbIX nneHKax geppurm-
2paHamos, KaK peaKkuus Ha KOMOUHUPOBaHHOE 6/lUsIHUe [MePeMEeHHO20 U [OCMOSIHHO20 drieKkmpuyeckux roned. B npoxodsuwem ceemosom nyde 6binu
3apeaucmpuposaHbl USMEeHEeHUs! Mag2HUMOOMMUYEeCKO20 Cu2Hana Ha JIoKalbHbIX ydacmkax magHumHol domerHol cmpykmypbl ¢ I e obracmu onmu4yecko2o
CKaHUpoeaHusi. Benu4uHa ykazaHHO20 aghghekma cyuecmeeHHO 3aguceria om MagHUMHOZ0 r1011sl, MOOKIKYEHHOZ20 8 MiIocKocmu uccriedyemozo obpasua.

Knrodeenlie croea: domeHHasi epaHuua, MagHUMmoaeKmpuyeckuti 3¢gbghbekm, 3r1eKmpuyecKoe rnone, MagHUMmHoe rosie.
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SURFACE PROPERTIES OF GE(111) AND SI(111) AFTER BI ION IMPLANTATION

A single monolayer of Bi atoms was implanted into Ge(111) and Si(111) samples. Morphology, electronic properties and thermal
stability of these surfaces after special chemical and thermal treatments were analyzed by means of atomic-force microscopy and Auger
electron spectroscopy. The near surface layers of such samples were found in the disordered state, being able to dissolve additional

amount of bismuth deposited on the surface from an external source.

Key words: Si, Bi, Ge, implantation, atomic force microscopy, diffusion.

Introduction. The surfaces of Si(111) and Ge(111) are
major substrates for the creation of modern micro- and
nano-electronic devices. Therefore, analysis of their
structure and elemental composition is important for
modern technology of integrated electronics. At the same
time, ion implantation is the primary method for introducing
dopants to create integrated electronic devices. The aim of
the study was the structure, morphology and chemical
composition of Si(111) and Ge(111) with implanted and
adsorbed layers of bismuth. Bi was present at the "shallow
junction" depth.

Experimental part. Special composition of Si(111) and
Ge(111) were found for researching characteristics of
diffusion Bi and on theirs surfaces were grown silicon
dioxide and germanium dioxide with thickness of 10 nm.
The ion implantation of Bi was made with oxide layer with
energy of 50 keV and total dose of about 1x10"° sm™. After
ion implantation of Bi a depth concentration of distribution
is non homogeneous with a maximum on a some depth of
structure. A typical model of Bi dopant distribution in the
depth of structure is shown in a Fig. 1
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Fig. 1. A typical model of Bi dopant distribution
in the depth of Bi or Si structure (atoms per 1 sm°).
A surface coordinate x=0 nm before the processing
in HF solution, and x=10 nm after the processing with HF

Parameters of oxidation and ionization were selected
so that visible concentration of the Bi begins from the
depths which confirm non oxide layers of the structure
(beginning from the depth of 10 nm). Such types of
structures were subjected of the chemical processing in
5% solution of hydrofluoric acid. This acid dissolves the
oxide of Ge or Si fast. It was used in the following work
for getting impurity implantation level which began
from geometric surface of the semiconductor. Structures
of Si(111) or Ge(111) without oxide were washed in
distiled water and were moved immediately into a
vacuum chamber of experimental equipment after
interaction with acid. Downloading was done though the
gateway system with it's own backing vacuum pump and

sputter-ion pump without disturbing the vacuum in the
main chamber where the next in-situ processing of
Substrate and it's researching.

Results and discussion. The Substrates were
warmed with different temperature during 5 minutes after
the researching of diffusion of the impurity. After that
determined the chemical composition of the surface with
the help of Auger spectroscopy. The main idea of this
approach is the ability to capture direct measurement
appearing of the Bi at the surface in the case of his
thermally activated of segregation from the implanted layer.
Identification of the Augers lines were made by spectrum of
secondary electrons which were registered with the help of
four-net analyzer in dE/AN mode with exposure of
Substrate of primary electrons with energy of 3 keV.
Including that typical surface elementary sensibility Auger
spectroscopy is situated on the 1% monolayer level and
also that integral dose of implantation under the curve on
Fig. 1 consists of 1 monolayer, they may say that surface
concentration with x=10 nm is much less than the border of
sensibility. So, growing the number of Bi on the surface of
this Substrate to the level which would have done
identification of elements possible can happen the result of
thermally activated of segregation from depth to the
surface or the result of adsorption of atoms Bi from vacuum
(spraying from the external source).

On the Fig. 2 there is an Auger spectrum of Substrate
Si(111) after the warming to the temperature T=160°C
during 5 minutes. On this spectrum LVV lines of Si are
fixed, which confirms to Auger crossing in non oxide
(92 eV) and oxide (80 eV) atoms of Si. Oxide component
can be explained by the Substrate's of Si short staying at
the atmosphere.

dN/dE 4 | ‘1

SiO«(80eV) |

i! |Si(92eV)

E, eV

Fig. 2. Auger spectrum of Substrate after the warming
with the temperature T=160°C during 5 minutes. There
are components of clean (Si) and oxide (SiO,) Si

Let's note that on the Fig. 2 lines which can be
present like Auger crossing in atoms of Bi are not

© Kulyk P., Pavlenko B., Kulyk S., Strunets P., Goriachko A., Melnyk V., 2015



~44 ~

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

ISSN 1728-2306

showed. It means that the result of warming with
temperature T=160°C during 5 minutes implanted Bi
hasn't segregate onto the surface.

There is a hypothesis that segregation of the impurity
onto the surface can be deffusion process with unknown
energy of activation was decided to do a set of measuring
of elementary composition of the surface after the

warming with different Substrate. Results of this
measuring are on Fig. 3
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Fig. 3. Auger spectra after the warming of the
Substrates during 5 minutes with temperature
a) T=150°C; b) T=170°C; c) T=290°C; d) T=379°C; e) T=420°C

On the Fig. 3 there are final spectra for a set of
temperature from 150°C to 420°C. It is important that all of
them are almost identical to the spectrum on Fig. 2, so it
leads us to the same conclusion that segregation is absent
onto the surface from implanted layer. In this case the
conclusion is write for warming temperature to 420°C. The
next growing of the temperature with these conditions was
inappropriate because of approaching to the temperature
of desorption Bi (~500°C) from the surface of Si. Even if
segregation took place Bi would not accumulate on the
surface because of evaporation to the vacuum. In return for
defining the physical causes of which make getting visible
number of Bi on surface of Substrate impossible was
decided to provide it on the surface with the help of
external source and tracking behaviour such adsorbed
layer with increased temperature.

Deposition on the surface of implanted Substrate of
Si(111) was made by the way of evaporation from the melt
in high vacuum. Technically it provide by warming of drop
which was desisted by forces of surface tension in the loop
of tungsten wire, which an electrical current was passed
through. Control of the number of sprayed Bi was be made
with the help of quartz microscales. The temperature of the
Substrate during the spraying was 300 K.

On the Fig. 4 there is Auger spectrum of the Substrate
after the causing 2 monolayers of Bi. It's comparing to the
Fig. 2 shows availability of extra Auger line which was
identified as Bi(Ng 7045045 100 eV). Auger lines of the Si
are weakened, but not to zero intensity, as 2 monolayers
extra adsorbate are not enough for the full screening Auger
electrons which are emitted from the Substrate of Si. After
this the Substrate was warmed during 5 minutes with the
temperature T=110°C. Auger spectrum after that warming
on the Fig. 5. Comparing of spectra on Fig. 4 and Fig. 5
shows reducing the relation of intensity Auger lines Bi and
Si from 7.8 to 6.3 as the result of warming. It can be
interpret as the result of diffusion from the surface into the
depth, or surface diffusion Bi with making three-
dimensional islands and cleaning part of the surface of
Substrate from adsorbate. Both of these leads to the
growing of intensity of Auger signal from Substrate and
reducing of Auger signal from adsorbate. The monitoring of

Ager spectrum's surface for the set of temperature of
warming was made for finding that out, results of which are
shown on the Fig. 6
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Fig. 4. Auger spectrum of the surface after the spraying
films of Bi with the thickness 2 monolayers. Relation
of the intensity Bi/Si is 7.8
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Fig. 5. Auger spectrum after warming with the
temperature T=110°C. Relation of the intensity Bi/Si is 6.3

On the Fig. 6 there are spectra of the surface after
spraying 2 monolayers of Bi and the next warming with the
different temperature from 150°C to 290°C. General trend is
that with growing the temperature of warming Auger signal
reducing from atoms of Bi and growing from atoms of Si.

Relations of these signals as a function of temperature
shows on the Fig. 7. From the Fig. 6. and Fig. 7. they can
see that the Bi completely disappears from the surface. It is
important that it happens with the temperatures much lower
than known temperature of desorption from the surface of Si
(~500°C). So, one can make a conclusion that diffusion of Bi
from the surface to the sample happens during the warming.

Bi
(100 eV)

Si |
(92 ev)

a) b) c) d) e M

Fig. 6. Auger spectra after the warming of the
Substrates during 5 minutes with temperature
a) T=150°C; b) T=170°C; c) T=185°C; d) T=230°C;
e) T=279°C; f) T=290°C
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Fig. 7. Graph of relation of the intensity peak-to-peak
of Auger lines Bi(NOO)/Si(LVV) from the temperature
of sample before the measuring

This result is unexpectable including that insolubility is
practically complete in the solid phase of Si. It should be
noticed that the sample was under influence of ion
implantation and it ruins crystal structure of surface layers.
It can completely change solubility of another substances
in this Substrate. Obviously that exactly it is tracked by us
on the Fig. 5 — Fig. 7. After the implantation the crystal
grate of the Substrate has many defects because of which
diffusion of Bi from the surface to the deeper layers of the
sample becomes possible. After this hypothesis one can
found an explanation about absence of segregation
implanted Bi onto the surface of Si as a result of warming
like on the Fig. 2 — Fig. 3. Including that the layer which the
implanted impurity concentrates in, at the same time has
the highest concentration of defects, they obviously are a
good place for dislocation of atoms of Bi, which keeps them
from segregation to the surface. The temperature
dependence of the concentration of Bi on the surface of
implanted Si allows us to find the activation energy of
diffusion of Bi in the perpendicular direction to the sample
of the surface. We assume that the number of acts of
diffusion per unit time

-E
V=V eXp(TT"), (1

here: vo potential factor, Eq energy of activation of diffusion.
We write a relative change in thickness q Bi film on the
surface during heating t,/ as:
‘71_‘72:th ‘71_‘72:th 2
q, 021 q, 021 ( )
and g4 is the nominal film thickness (proportional to the
intensity of the Auger peak) before heating, g, — after
heating. Substituting here the expression for v, one can
easily obtain a formula for the diffusion activation energy:

E =—krln[q1‘q2}, E, =—len{q1_q2}, 3)
Vot21Gs Vol21Gs

where vp=10"%¢". Using this expression, based on Fig. 5 —
Fig. 7 the following formula of activation energy was
received: E,=1.5£0.2 eV. Comparing the value of
previously installed energy desorption of Bi from the
surface of Si 2.8+0.1 eV, one can understand the reason
for the disappearance of Auger signal from Bi deposited on
the surface from an external source and its complete
absence during trying to fix the thermally activated
segregation from the bulk to the surface.

Semiconductor's  surface  condition after ion
implantation of Bi through a protective layer of oxide, the
chemical dissolution of the latter, and heating the sample in
a high vacuum is illustrated by the images of the surface of
Ge(111) obtained by atomic force microscopy (AFM) in air
environment (Fig. 8 — Fig. 9). Preparation and chemical
processing of samples of Ge(111) for loading into the

vacuum chamber were identical to the above written
Si(111). The temperature of heating in high vacuum was
T=150°C, duration — 5 minutes.
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Fig. 8. AFM image of the surface of the Ge(111) after growing
GeO; wit thickness of 10 nm, implantation (ion energy
of 50 keV) 1 ML Bi solving oxide solution of HF, and heating
in high vacuum for 5 minutes at 150°C. Figure's size
of 15 microns x 15 microns, full gray scale corresponds
to the altitude difference of 43 nm

Fig. 8 presents the resulting image of surface
measuring 15 mm x 15 mm. A large number of straight-line
trenches to a depth of ~20 nm and a length immediately
attracts attention which go beyond the field of view. Areas
which are separate trenches are not connected to each
other. Width of tranches ranges from tens to hundreds
nanometers. Including that the source material for
preparation samples were high-quality germanium wafers
with atomically smooth surface Ge(111), one can assume
that observed in Fig. 8 relief develops due to accumulation
of mechanical stresses in the crystal lattice of the
semiconductor as a result of implantation.

During the heating one can see a partial "healing"
lattice defects caused by the implantation process,
accompanied by a corresponding expansion of mass
transfer and surface topography features linear trench type.
On the Fig. 9 AFM is presented much smaller surface
areas of Ge(111), which there is no deep trenches on. But
even in this case the surface's roughness reaches nearly
30 nm, and its structure is quite disordered. So, the
surface's structure is also an indicator of disordering of the
surface's layer of the sample, which means availability of
many places for energetically favorable arrangement of Bi's
atoms. In a result of proximity of physicochemical
properties of Si and Ge, one can provide that surfaces of
Si(111) were used for the above measurement, had at
least qualitatively similar to "loosened" structure.

0.0um 0.5 1.0
1

1.5

Fig. 9. AFM image of reduced area (2 mm x 2 mm)
of the Ge's surface sample (111), which straight deep
trench are not presented on
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The result of the loosened structure of the surface layer
is that Bi which is situated there does not segregate onto
the surface at moderate temperatures of warming that were
used in our experiments. Moreover, because of loosening
the sample, much more energetically favorable locations
for dislocation impurities appear in it. As a result, even
more (the already implanted) amount of Bi deposited on
the surface from the external layer are absorbed by the
loosened layer at moderate heat activation. Thus, studies
of surfaces Si(111) and Ge(111) of Bi's dopant's deep
occurrence by the Auger spectroscopy's method and
atomic-powered microscopy demonstrate the resistance of
dopant relatively to the impurity segregation layer on the
surface at temperatures up to 400°C. Physical reason for is
loosening the surface's layer in the process of ion
implantation of dopant.

Conclusions. Investigations of shallow doped Si(111)
and Ge(111), revealed the lack of thermally activated
segregation of the Bi implant on the surface, which is a
positive factor of stability for advanced applications of p-n
junctions with a new type of electronic doping.
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BJIACTUBOCTI MOBEPXOHb Ge(111) TA Si(111) NIC/A IOHHOI IMNNAHTAUIL Bi

Monowap amomig Bi 6ys imnnaHmosaruti 8 3pasku Ge(111) ma Si(111). Mopgbonoeisi, enekmpudHi enacmugocmi ma mepmidHa cmitikicmb UUX rMo8epXoHb Micns
crieujanbHUX XiMi4HOI ma mepmiyHoi 06pobok 6yru npoaHanisosaHi Memodamu amomHoi curoeoi Mikpockonii ma Oxe-criekmpockonii. Byno rokasaHo, wo
rpurosepxHesi wapu Uux 3paskie € HeyrnopsiokosaHuMu ma 30amHi po3quHsimu 000amKosy KirbKicmb 8iCMymy, WO HaHeceHa Ha Mo8epxHo 3a OOroMOZOH

308HilWHLO20 OXepera.

Kmro4vosi cnoea: Si, Bi, Ge, iMnnaHmaujis, amomHo-cuiosa Mikpockorisi, Oucbya3isi.
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bakynbTeT paanoun3nkm, 3NeKTPOHMKU U KOMMNbIOTEPHbIX CUCTEM
KueBckui HaumoHanbHbIW yHUBepcuteT umeHu Tapaca LlleByeHko,
MenbHuk B., a4-p. dus.-mat. Hayk,

WHcTuTyT chnamkmn nonynpoBoaHukoB umenu B. €. Nowkapésa HAH YkpauHbl

CBOMCTBA NOBEPXHOCTEMN Ge(111) M Si(111) NOCNE UOHHOW UMMNJIAHTALUM Bi

MoHocrioli amomos Bi 6bin1 umnnaHmupogaH 6 obpasubl Ge(111) u Si(111). Mopgbonoaus, anekmpuyeckue ceolicmea U mepMuyeckasi CmolKocmb 3mux
rosepxHocmel rocse cneyuarnbHbIX XuMudeckol u mepmudeckoli obpabomok bbinu rpoaHanuauposaHsl mMemodamMu amoMHOU curogol mukpockonuu u Oxe-
CreKmpocKomnuu. Bbino rnokazaHo, Ymo fpurno8epXHOCMHbIe CrIoU 3Mux 06pa3yos s8smMcsi HeyrnopsidoOYeHHbIMU U CrOCOBHLI pacmeopsimes AOMOIHUMETbHOe
Konuyecmeo sucMyma, Komopbil 6birT HAHECEH Ha M0B8EPXHOCMb C MOMOWbLIO BHELIHE20 UCMOYHUKA.

Knroyesnle croesa: Si, Bi, Ge, umnnaHmauusi, amoMHO-CUI08asi MUKPOCKONUS, OUGhghy3usi.
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RECONSTRUCTION OF DATABASE SCHEMA FROM WSDL

The mechanism of data structure reconstruction while synchronizing information systems by meta descriptions of the transmitted data
is proposed. Formalization of data conversion was performed by means of relational algebra.

Key words: Relational algebra, WSDL, databases, systems synchronizing.

Introduction. During synchronizing complex information
systems often appear problem when one of the systems
made changes in the structure of data that must be replicated

in other systems [1]. This problem can be solved when the
developers of both systems agree on those changes.
However, when the interaction between developers
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complicated, there is a problem to reconstruct changes on
the receiver side by incomplete information. In particular, this
problem occurs when synchronizing systems of various
levels of complexity and inaccessibility of complete
information on the data structure of a larger system.

SOAP

In this paper were solving the problem of constructing a
relational database structure based on information about
access methods provided by the WSDL (Web Services
Description Language).

DATA

WSDL

v

Fig. 1. System structure

Experimental. The overall structure of information
exchange between systems can be seen in Figure 1. Data
are transferred between them with SOAP (Simple Object
Access Protocol), and transmit information about the
structure of messages using WSDL (Web Services
Description Language). Example of WSDL structure can be
seen below:

<s:element name="PersonsGet">

<s:complexType>

<s:sequence>

<s:element minOccurs="0" maxOccurs="1" name=
"SessionGUID" type="s:string"/>

<s:element minOccurs="1" maxOccurs="1" name=
"Id_Language" type="s:int"/>

<s:element minOccurs="0" maxOccurs="1" name=

"Ulds" type="s:string"/>
</s:sequence>
</s:complexType>
</s:element>

Clearly, restoring identical structure with such limited
information  impossible.  However, great practical
importance have the construction of normalized data
structure as close to the source as possible [2]. To solve
this problem proposed automation algorithm, which you
can see in Fig. 2. In this algorithm for data conversion
process control system used 5 tables: methods table, fields
table, parameters table, relations table and attributes table.
Information to first three tables automatically synthesized
from WSDL structure [3]. The system administrator via a
special interface records data to other two tables. During
data conversion before updating in their local database,
calculating of hash function on these fields and checking of
data available hash in the database take place. The data
updates only if the hashes do not match, it can reduce the
number of update requests to the databaase. If any errors
occur during data conversion administrator receives
notifications about it in the interface.

Tabnuusa metoais

WSDL

ApnmiHicTpaTop

Tabnuusa BiaHOLWEHb

Ta6nuusa nonis

Ta6bnuusa napameTtpiB

InTepdeirc

Tabnuusa aTpubyTie

v

KepyBaHHA npoLiecom
nepeTBOPeHHs AaHnX

SOAP
NaHi

MepeTBOpEeHHsA

\L Hash

C D

OHoBneHi gaHi

AaHnx

Fig. 2. General scheme of the algorithm

Consider these four types of transformations and give
appropriate relational algebra formulas for each of them.
For the record, use the following relations and notations
their attributes:

S {S.Ais, S.A1 ... S.A,} — related data received from
SOAP. In this relation Ay attribute matches the primary
key, attributes A4 ... A, matches other essential data.



~ 48 ~

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

ISSN 1728-2306

T {T.Big, T.B4 ... T.Byn} — main relationship in the local
relational structure where data is entered. In this relation
Bis attribute matches the primary key, attributes B1 ... By,
matches other necessary data.

T2 {T2.Cig, T2.C1 ... T2.Cp} — second conversion relation
involved in local relational structure. In this relation Cig
attribute related to the primary key, attributes Cq ... Cy
matches other necessary data.

1) Direct data conversion. In this type of
transformation, SOAP data directly reflected the
appropriate relation (T) in a local relational structure
without external keys. The formula is as follows:

P(SAg.SAr...SAn YT By TBr..TBy } (P)

P = TS Aig.SAy...SAp } (S)

2) Convert involving foreign keys. This type is used
when necessary to insert into relation T primary key of
another relation T, as a foreign key.

Enter the attributes refer to output formula. Let SOAP
attribute data on the value of which will be search in
relation Tz, as S.As. According attribute T, in relation to
which the search will T,.C,. Attribute the main relation in
which T is necessary to substitute primary key relation T,
denote T.B,. The formula is as follows:

PiS A S Ar... S Amet | SAg 1Ty .Cog VAT.Big T.By.. TBy T8, } (P)
P =T Ay SA1. SAm\SA, 1Ty ) (R)
R=0ga,-1,¢, (5xT3)

3) Conversion from entering the two dependent
relationships with one to many relations. This type finds
application in situations where the data should be divided
into two dependent relationships T and T, in the case when
the ratio T must contain a foreign key that refers to the
relation of Ta.

Introduce notation for attributes SOAP, we have to
preset ratio T2. S.Aaq — contains the primary key for the
relation Tz, S.Aa1 — S.Aan — contains other data to be preset
in relation T,. The result is two different formulas
correspond conversion relations for T and T».

P {S.A4g:SAqr-..S-Agh ¥{T2.Ciq. T2.C1... T2.C } P)
P = TS Agig-S-Aat..-SAgn } (S)

Kyrosuu L., ctya., Bepunay6 M., ctyn.

'psisHoB [1., acucr., Boiiko 0., kaHA. di3.-maT. Hayk

cakynbTeT paniodizankun, eneKTpPoHikn Ta KOMN'IOTEPHUX CUCTEM,
KuiBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleByeHka

P (S AGLS AL S Amsn}\(SAur...SAgy WAT-Big,T.By...T.Bm} (P 1)

P1 = TS Aig {SAq...SAmsn}\ {S.Agq...S. A I (S)

4) Conversion with insert to two dependent relations
with one to many relations. This type finds application in
situations when the data should be divided into two
dependent relationships T and T2 in the case when the
relation T> must include a foreign key relationship to T.

We use designation SOAP attributes are the same as
in the previous conversion. The result is two different
formulas correspond conversion relations for T and T».

PiS.Aqiq,SAqt.--SAgh1,SAig MT2.Cig,T.Cq...T2.Cpy } (P)
P = TS Agig:S-Aa1..-SAgh.1,.SAg } (S)
PiS.AgASAr-..S Amsns NS Agig, S-Agt...S.Agy WAT.Big,T.By..T.B, } (P1)

P1= TS Aig{SAq...S Amsns1MS-AgigSAgr-..S-Agn (S)

Conclusions. The proposed system was implemented
for the information system of the university during the
entrance campaign to synchronize with government
education database and proved its efficiency and
productivity. Full database synchronization took about 30
minutes. By automating the process of reproduction of data
structure with minimal cost in time realized the correct of
handling 578 methods data access.
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BIAHOBJIEHHSA CTPYKTYPU AAHUX MPU CUHXPOHI3ALII KOMM'FOTEPHUX CUCTEM

BanpornoHosaHo MexaHi3m 8i0meopeHHs cmpykmypu OaHUX Mpu CUHXPOHI3auii iHgbopmauitiHux cucmem no memaonucam 0aHUX, wo rnepedaromscs. [na yso2o
6yr10 8UKOHaHO ghopmanizauito nepemeopeHs OaHUX 3a OOMOMOZOI0 PErTSUILIHON arn2ebpu.
Kmrovoei cnoea: pensuitiHa anzebpa, WSDL, 6a3u 0aHuX, CUHXPOHiI3auisi cucmem.

Kyroson [1., ctya., BepHuay6 M., ctya.

I'psasHoB L., accucT., Bowko 0., kaHA. ¢uns.-maT. Hayk

dakynbTeT paamodnU3nKu, INEKTPOHUKU U KOMMNbLIOTEPHBLIX CUCTEM
KueBckuit HauMoHanbHbIW YyHMBepcuTeT UMeHn Tapaca LLleB4yeHko

BOCCTAHOBJIEHUE CTPYKTYPbl AAHHbIX MPU CUHXPOHU3ALUNN KOMNbIOTEPHbIX CUCTEM

[MpedrnoxeHo MexaHu3M 60Cco30aHusi CmpPYKmMypbl OaHHbIX [PU CUHXPOHU3AUUU UHGDOPMAUUOHHBIX CUCMEM 10 MemaornucaHusiM OaHHbIX, Komopbie
nepedaromces. [4risi 3moeo 6bino 8bINOIHEHO GhopManu3ayuro rpespawieHusi 0aHHbIX C MOMOUWbIO PErsIUUOHHOU anzebpsbI.
Knroqesblie cnoea: pensyuoHHas anzebpa, WSDL 6a3bi 0aHHbIX, CUHXPOHU3aUUsT CUCMEM.
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EFFICIENT METHOD FOR ANALYSIS OF MODE CONVERSION
AND OHMIC LOSSES IN TERAHERTZ GYROTRONS

Nowadays gyrotrons have a great potential as efficient sources of terahertz (THz) radiation. However, they still suffer significantly from
excessive ohmic load of cavity walls and spurious radiation appearing inside the gyrotron cavity. A numerically efficient method to consider
these effects is suggested. It allows us to reduce a boundary value problem for a longitudinally inhomogeneous (irregular) open waveguide with
impedance walls (which models a gyrotron cavity) to a set of ordinary differential equations (SODE) without any simplifying assumptions.
Effects of ohmic losses and mode conversion on resonant frequencies and quality factors of THz gyrotron cavity are investigated in details. It is
shown that amplitudes of spurious modes can be comparable with the operational one at the output section of the THz gyrotron cavity. Also a
rapid convergence of the obtained results with respect to the number of modes considered is demonstrated. Specific calculations were
performed for the cavity of THz gyrotron developed in Fukui University, Japan (FU CW Ill) designed to operate on the TE;5 mode.

Key words: irreqular waveguides, impedance boundary conditions, lossy waveguides, cross-section methods, Neumann’s and Dirichlet’s
problems, terahertz radiation, teragertz gyrotrons, gyrotyron cavities, quality factors, resonant frequency.

Introduction. THz radiation occupying the range
between microwaves and infrared waves presently is a
subject of considerable interest. The most promising
applications are associated with progress in spectroscopy
and monitoring of bio-molecules [18, 6], study and
fabrication of new functional micro-and nano-structured
materials [7], sophistication of tools for plasma diagnostics
and plasma sources [2, 3], remote detection of radioactive
materials [15], study of hyperfine structure of positronium
[14], THz imaging [5], etc. However, technology for its
generating and manipulating is still far from maturity [1]. In
this regard, it should be pointed out, that power-handling
capabilities of the traditional vacuum sources (BWO's,
TWT'’s, klystrons, orotrons, etc.) and traditional photonic
sources (quantum cascade lasers, gas lasers, laser driven
THz emitters, etc.) are rather moderate in the THz range
(about 1-2 mW). At the same time, recently, gyrotrons,
being the most efficient sources of sub-THz radiation in a
continuous wave (CW) regime, extended their operation to
the THz range [4]. Moreover, gyrotrons seem to have a
great potential in this range since they are free from
numerous drawbacks inherent to both traditional vacuum
and photonic THz sources. The cavities of gyrotrons are
rather simple being much more convenient for fabrication
and operation in terahertz range compared with other
vacuum sources. Nevertheless, the efficiency of THz
gyrotrons is still low (about several percents). One of the
main reasons is the dissipation of THz radiation inside the
gyrotron cavity, which can achieve 65-85 % [4].

It should be pointed out that physics of wave processes
in THz gyrotron cavities is yet not clearly understood. So
development and application of new methods for their
analysis is of considerable interest.

Usually the cavity of the gyrotron is the section of
longitudinally irregular waveguide (see, for example,
Fig. 1). If it operates in THz range we should consider
natural wall losses. In this range the wall losses can be
effectively taken into account by imposing impedance
boundary conditions (Leontovich conditions) on the cavity
walls. So, we come to the problem for analysis of a
irregular impedance waveguide.

It should be pointed out that very often in gyrotron
theory methods of cross-sections are used which were
developed a long time ago [11, 13, 17]. They are rather
efficient for irregular waveguides with ideal walls, reducing
the problem to the set of ordinary differential equations
(SODE). Along with the equations of beam-wave dynamics
they still successfully utilized in different numerical codes

for modeling a gyrotron operation [16]. However, extreme
mathematical and calculational difficulties appear when
wall losses should be taken into account [19]. The problem
cannot be reduced to a SODE by application of transverse
expansions. Even in the case of small losses or lossy
waveguide of a constant radius the problem was reduced
to the SODE which is coupled with the additional singular
integral equation. The numerical solution of the problem
have been suggested which is not fully self-consistent. The
region of validity of the proposed approximate numerical
solution is not clear, and it leads to substantially
complicated consideration even without an electron beam.

In the paper we demonstrate capabilities of a recently
developed new method for analysis of main dissipative
effects (ohmic losses and spurious radiation) in THz
gyrotron cavities [20, 21, 23]. It allows an equivalent
reduction of the problem to a SODE for an arbitrary
longitudinal variation of both radius and impedance.

Capabilities of the method are demonstrated on the
specific example. Calculations of the THz gyrotron FU CW
Il developed in Fukui University [10] is performed. SODE
for unknown amplitudes of spurious modes of both
polarizations (TE and TM) was solved by the finite
difference method. Convergence with respect the number
of spurious modes taken into account has been shown.
Resonant frequencies, quality factors and field distributions
of different modes are calculated with effects of mode
conversion and ohmic losses taken into account. The
obtained results are compared with those of single mode
approximation and obtained by other methods. It is shown
that the effect of mode conversion is rather strong leading
to a significant contribution of spurious modes to the total
output power (~70%). Also it is shown that mode
conversion and ohmic losses lead to the notable reduction
of quality factors (~50 %).

The rest of the paper is organized as follows. In the
second section the idea of the approach is briefly
described. The resulting SODE is obtained and some its
differences from that obtained by other approaches are
addressed. The numerical example of application of the
obtained SODE is addressed in the third section. The
problem is formulated as an eigenvalue/eigenfunction
problem. l.e. SODE is supplemented by boundary
conditions on the cavity ends. Usually for gyrotron cavities
radiation conditions and evanescent conditions are used
for propagating and non-propagating modes respectively.
Conclusions resume the obtained results. Also some
aspects of basic physics concerning ohmic losses and

© Maksimenko O., Khizhnyak S., Zaginaylov G., 2015



~ 50 ~

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

ISSN 1728-2306

mode conversion in THz gyrotron cavities are formulated.
In particular, it is noted that the effect of mode conversion
increases with increasing the axial index of modes.

Basic idea of the approach for conversion of
Maxwell’s equations to the SODE. Consider a
longitudinal inhomogeneous lossy waveguide.

n

- —
Al

ad 4

N
n T
Sl

Fig. 1. Geometry of longitudinally
inhomogeneous waveguide

In contrast to the methods discussed above, refuse
from vector basis functions and from the concept of the
reference waveguide. Instead, the electromagnetic field in
an arbitrary cross section of irregular waveguide (Fig. 1)
express terms of two scalar functions (magnetic and
electric Hertz potentials), which satisfy the Helmholtz
equation [8]:

(AL+62/6zz+k2)‘I/=O

: (M

(AL+62/6zz+k2)CD:O

where k=w/c, c - the speed of light in vacuum, o - the

oscillation frequency, the time factor e is omitted. We
represent the unknown functions in the form [19, 20],

¥ =AY (F:2)
I:1 , (2)
® =3 B(2)®;(r;2)

i=1
where W,(r;;z) and ®@;(r;;z) are -eigenfunctions
Dirichlet's and Neumann’s problems for the Laplace
operator, respectively, in the two-dimensional domain S(z) :

(AL +a?)¥; =0  [(A, +B])®; =0
resz ()

o, /on|g, =0 0

(Dl"C(z) =
Note that the representation for ¥ converges uniformly
to ¥ throughout the cross-sectionS(z), including the
contour C(z), which is the boundary of the cross-section. At
the same time the representation for ® converges uniformly
to ® only inside S(z), but it is zero at C(z). The basis
functions satisfy the following orthogonality conditions:
j VL‘I’;‘ V ¥, ds =35,
S(2)
[ V@V, dds=5,
S(z)
The set of equations (1) is replaced by two infinite sets
of projection equalities
[ ©(A, +0%/02° +K*)0ds =0
S(2) , (5)
[ Wi(A, +0%/02% +K*)Wds =0
S(2)

(4)

Using the second Green's formula in the two-

dimensional case, for functions ¥}, and ¥
[ (¥ja, ¥ —wA ¥)ds= § (\P;‘i\y - \Piw;‘jd/ (6)
S(2) C(z) on on

and the same formula for ®; and @, as well as the

representations (2) and orthogonality conditions (4), we
arrive at the two infinite SODE

(£12A)i +piA+1f =0

(LA%B)/ +qizBi _I:B =0 ,
where p? =k?—a?, 7 =k®—PB?, L, =5,(d/dz)+T?,
T =0? | Wi (0/02)¥,ds, T2 =B [ ®;(0/02)D,ds,

()

S(z) S(2)
=02 § Wi@/onyPdl, IE=p2 § ®©/omdidl,
C(2) C(2)
i=1,...,00.

The system of equations contains contour integrals

AB . .
1% with the unknown functions (D\C(Z) and (6/6n)‘P\C(Z)
(we cannot use the expansions (2) them), which have to be

expressed in terms of the expansion coefficients A; and
B; in order to get a closed SODE. Since for the waveguide

with an arbitrary cross-section the further consideration is
cumbersome, we consider specific, but the most
widespread and illustrative case of waveguide with the
circular cross-section. In this case, the basis functions are
Bessel's functions, and the series (2) are Dini’'s and
Fourier-Bessel’s series. Expressions for the basis functions
can be found in [11]. The contour integrals can be taken
elementary resulting in

1A :ZTER(Z)OLIZTT(G/an)\P‘C( )
z

I8 = 2nR(2)B2D(0 / 6n)®;

C(2)
Dissipation in the walls can be considered using the
popular impedance boundary conditions

n'xE=-Zn'x(n XH)‘C(Z), (8)
where i’ is normal to the surface of the waveguide at the
cross-sectional contour C(z) (Fig. 1), Z,=kd(1-i)/2 is

the impedance of the walls, 8:0/(27:0(0)1/2 is the skin

depth of the wall material, ¢ is the wall conductivity, and
k=wo/c is the vacuum wave number. Rewriting (8) in
terms of the Hertz potentials, we obtain

A v A b
D«z)jr(q)j:Dz(z)[@] , ©)

C(z)
where
A 1- IZsls(meag 0
Dy(2) = z ’
0 2k 102
cos0 0z
2
iZscos® k+1a—2 m(iZSsin9+1ij
. k oz R k oz
Pu2)= z. o o2
m(ktge—l—s—) K2+
R cos0 0z 0z

tgb=R'(z), m is the azimuthal index, the prime means
differentiation with respect to argument, and the azimuthal
dependence exp(imd) is omitted.

Relations (9) link Hertz potentials and their normal
derivatives on C(z). Thus, to get the closed SODE we can
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introduce two new unknown functions, while the other two
must be expressed through them and already entered
unknown coefficients of the expansions (2). It is also
necessary to express the partial derivatives of the unknown
functions in (9) in terms of full derivatives. Introducing two

1i‘{’ =A)(2) and

C(2)
=B,(z) and using for ‘P\C(Z) and its z-derivatives the

new unknown functions
CD‘C(Z)
representation (2), the only unknown function remains in

excess, hamely aiCD , which in this partial case coincides
n
with aitb . From (1) one is possible to get
r

R
@/andy, =(1/R)j(—62 /022 — Kk? +m2/r2)cprdr .(10)
0

Under the integral sing for ® one is possible to use the
decomposition (2), thereby expressing (6/8r)CD\C(Z)

through B, . To express partial derivations in (9) in terms of
the introduced unknown functions and their derivations we
should use the differentiation rules for the functions of two
arguments. For example,

d ’ 1
Ecp(R(z);z) =Bj(2)=R'(2)(0/ ar)cp\c(z) +(8/ az)cp\c(z) (11)

Further substituting (10) to (11) we can express
(a/az)CD\c(Z)in terms of B,,B; and their derivations.

Other partial z-derivations entering to (9) can be also
expressed in terms of A;, A, By, Band their derivations

in the same manner.
Thus, we derive two additional ordinary differential
equations
ayAy + byAy +coBy +doBy =
z(a,.(/%A), +d,(b,(28) + c,-B,))
i=1 I I

BY + d,B, = ,i (a, (F.A) +b,(8L28) +5,(GB) ) ,

i

(12)

where g, =—iZ;sin0 , by =k(1-iZ,tg0sin0/kR) ,
Co=-m/R, dy=-iZkmsin/R ,d, =mtgd/R?,
Fi=fo+ L3, Fy=fy(ksin0—iZ,[), G=go- g,

fy = Z, cos6(k* (1+1g°0) ~tg°0m® / R?)
fi=iZ;cos0(1+19%0), J,(1)=0, Jp(u)) =0,
-1/2
f,=(m/Rcosb)(1-tg%0), g =(n(u§2—m2)) ,
_R _ 2 2 2 -1/2
b= [@rdr , ¢, =(k* —pf /R?)b,—n "2,
0
Go = (tg2e—(tge) R+iZkRcos ' 6(1— tgze))R‘z ,
(o7 :(1+tan29) tan0 /R,
d, =tg°0(k* —m? / R*)+ k*(1- 1) .
Equations (7) and (12) form the closed SODE for

unknown coefficients {A;}"  and {B;} ", . The obtained

SODE is fully equivalent to the original system of Maxwell's
equations and is suitable for the analysis of waveguides
with arbitrary longitudinal irregularities and arbitrary
impedances of walls. This approach can be easily
generalized to the case of impedance boundary conditions
of more general types. Finally, we should note the

simplicity, compactness and comparatively small number of
unknown functions in the resulting system of equations. For
comparison, in the conventional versions of the cross-
sectional method four [17] or six [13] infinite sets of
unknown expansion coefficients should be introduced even
in the lossless case. Also note that the unknown

coefficients {A;},” and {B;} corresponding to modes of

TE and TM polarizations respectively are coupled only
through the boundary conditions (eq. (12)). At the same
time in conventional variants of cross-sectional methods
also TE-TM coupling coefficients are present which are
spurious and have no physical sense.

Numerical example. As an example illustrating the
results of our approach, consider a gyrotron operating in
sub-millimeter (terahertz) range. The gyrotron cavity
usually represents a section of a circular waveguide with
varying radius (Fig. 1). The central part of the cavity has a
constant radius. It is connected with an input section, which
is a supercritical down tapper and the outlet part in the form
of a smoothly expanding waveguide (see, also [10]).

To analyze the gyrotron cavity SODE (7), (12) must be
supplemented by boundary conditions at the ends of the
resonator. Usually it is the radiation or evanescent
conditions for propagating and non-propagating mode
respectively. Also for simplicity, we assume that the
resonator with both ends connected with the semi-infinite
regular waveguides with perfect walls. This allows us to put
A, =B, =0 on both ends of the resonator.

Specific calculations were performed for the THz
gyrotron designed to operate at the TEss mode [10].
SODE (7), (12) was solved by a finite difference method.
It was shown the numerical results converge with respect
to the number of terms considered in (2). The accuracy of
calculations was controlled by the energy conservation
law. The results obtained for the eigenfrequencies and
quality factors of the two first axial resonances of the
operational mode are presented in the Table 1. For
comparison the results of the single mode approximation
(SMA) are also presented.

Table 1
Eigenfrequencies and quality factors
of the two first axial resonanses. SMA results
without losses are presented in brackets

Presented Method SMA
Mode frequency, frequency,
GHz Q GHz Q

8982

TE351 424.59 8438 42458 (16000)
3473

TE

35,2 425.24 3229 425.23 (4240)

Note that the calculated gyrotron operating frequency
agrees well with the experimental value [10] as well as with
SMA. As for the quality factor, the experimental
measurement errors of this magnitude in this frequency
range are much smaller than the demonstrated
computational errors, so their comparison is not
reasonable. Comparing the calculated quality factors with
those in SMA approximation with and without ohmic losses,
one can assess the impact of ohmic and mode conversion
losses on quality factors. In particular, for the first axial
resonance which is usually used for the operational regime
in gyrotrons the main and significant contribution (~ 45% )
to the reduction of the quality factor is made by the ohmic
losses, although the contribution of mode conversion is
also notable (~5% ).
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Fig. 2. Field distributions of the operational
and the largest spurious modes at the first axial resonance
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Fig. 3. Field distributions of the operational
and the largest spurious modes
at the second axial resonance

Fig. 2, 3 show the field distributions of different modes
in the case of the main (working) and the second axial
resonances respectively (for better visuality the amplitudes
of spurious modes are increased fivefold). For the
operational TE3zs mode it is basically the same as in the
SMA without ohmic losses. However, it should be noted
that the contribution of spurious modes is large in the
output cross-section and their fraction in the output power
is about 70 % or more for both resonances.

Also note some general features of mode conversion
for THz gyrotron resonators:

1. Spurious modes appear mainly in the output section
of the cavity.

2. The contribution of spurious mode to the total field
depends on their radial index and polarization. Spurious
modes with radial indexes closer to the radial index of the
operational mode have larger amplitudes.

3. The amplitudes of spurious higher radial modes are
lower that the amplitudes of spurious lower radial modes
with the same polarization and with the same difference in
the radial index from the operational mode.

4. The amplitudes of spurious TM modes are
substantially lower than the amplitudes of spurious TE
modes with the same radial index.

Analysis of the accuracy and convergence of
numerical results. The accuracy of calculations was

Onq ~ Opy
Oy

analyzed using two functions E,(N) = and

QN+1 — QN
Qu

, where oy and Q, are the resonant

Ci(N) =

frequency and the quality factor respectively, calculated
taking into account N terms of the expansions (2) for 1100
discretization points along z. Fig.4,6 illustrate the
convergence of the resonant frequency and the quality factor
with respect to N on a logarithmic scale. Also the
convergence of numerical results with respect to the number
of discretization points was investigated. Fig.5,7 show
(n+1) _ (M Q) Q™

Q(n)

() -0

functions n)=
&2( ) (D(n)

and (C,(n)=

where o and Q™ are the resonant frequency and the
quality factor respectively calculated at the number of
n=100M and

discretization points N=5 on a

logarithmic scale.

Ti(N)
10" ;

107 |

-3 1 1
107, 2 3 4

Fig. 4. Convergence of the quality factor at the first axial
resonance with respect to the number of modes considered

02(M)
10" ¢

Fig. 5. Convergence of the quality factor at the first axial
resonance with respect to the number of discretization points

&i(N)
10°¢

10°

Fig. 6. Convergence of the natural frequency at the first axial
resonance with respect to the number of modes considered
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Fig. 7. Convergence of the natural frequency
at the first axial resonance with respect to the number
of discretization points

Gi(N)
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107,

10°

Fig. 8. Convergence of the quality factor
at the second axial resonance with respect to the number
of modes considered

Fig. 9. Convergence of the quality factor
at the second axial resonance with respect to the number
of discretization points

Numbering of modes were as follows: N-=1
corresponds to the operating mode TE;;, N=2 — TE;,,

N=3 - TE;, N=4 — TM;5, N=5 — TM, ¢ and so on.

Conclusions. The proposed approach is the further
generalization of the cross-section methods which allows
us to rigorously analyze different electromagnetic and
acoustic problems including inhomogeneous impedance
waveguides. It shows advantages and new capabilities of
scalar transverse expansions based on the pure abstract
solutions of Neumann’s and Dirichlet’'s problems over the
less flexible vector expansions based on the vector fields of
the reference waveguide.

&i(N)
10 ¢

of
101

Fig. 10. Convergence of the natural frequency
at the second axial resonance with respect to the number
of modes considered

&(M)

Fig. 11. Convergence of the natural frequency
at the second axial resonance with respect to the number
of discretization points

Note also the advantages of this approach over the
approaches based on the use of curvilinear coordinate
systems [9, 12]. Such approaches simplify boundary
conditions which are transformed into the boundary
conditions corresponding to a regular waveguide. However,
much more complex equations for the fields have to be
obtained analytically. Also they are associated with much
more complicated problems at the stage of numerical
implementation.

All these advantages are demonstrated on the basis of
"cold" calculations of the gyrotron cavity operating in the
THz range. In particular, it is shown that the ohmic losses
in the walls of the cavity are the main reason for the
substantial reduction of the cavity Q-factor. The
contribution of the mode conversion to this effect is not so
significant, although it is notable and also should be taken
into account in basic considerations and conceptual design
of THz gyrotron cavities. The fraction of spurious modes in
the total output power is extremely and unexpectedly large
(about 70%). Quite probably that such a large level of
spurious radiation causes extra energy losses in the output
circuits located after the gyrotron cavity (mode converters,
output launchers and so on).

Evidently the effects considered are the main reasons
of the low efficiency of the present THz gyrotrons.
Therefore the development of methods for reducing ohmic
and mode conversion losses are of considerable interest.
One of them can be based on the use of the corrugated
wall of the cavity [22—-24].
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Finally, note about nearest generalizations of the
approach developed. They may be associated with the
consideration of irregular impedance waveguides of non-
circular cross sections, dielectric waveguides and theories
of excitation of such waveguides.
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E®EKTUBHUIA YNCNTOBUIA METOA AHANI3Y KOHBEPCII MO
TA OMIMHUX BTPAT B TEPATEPLIOBUX NMPOTPOHAX

B 0aHuli 4ac eipompoHu € rnepcriekmusHUMU Axepenamu mepazepuyosoeo (TIu) sunpomiHosaHHs. OOHaK, 80HU Maromb Had38uYaliHO 8UCOKI OMIYHI 8mpamu Ha
CmiHKax pe3oHamopa i 8UNPOMIHIO8aHHS, sIKe 3'8/1iEMbCs 8 pe3oHamopi eipompoHa. poroHyembcsi eghekmuegHul MemoO0 07151 po3erisidy uux eghbekmis. BiH do3gornsie
6e3 6yOb-sIKUX crpoLeHb 38ecmu Kpaliogy 3adady Orsi Mo3008XXHLO HEOOHOPIOHO20 (HepeayrisiPHO20) BIOKPUMO20 X8unesody 3 iMrnedaHCHUMU CmiHKaMu (pe3oHamop
2ipompoHa) do cucmemu 3guyaliHux oughepeHuiansHux pisHsHe (C34Y). JemarnbHo AocniOXXeHO 8rnnue oMiYHUX empam i KOH8epcii MO0 Ha pe30HaHCHI Yacmomu i
dobpomHocmi pe3oHamopa Ty eipompoHa. [MokasaHo, wo amnnimydu napasumHux MoO MOXymb 6Yymu rnopieHsHHI 3 Poboyoo MOOOK y BUXIOHOMY nepepisi
pesoHamopa Ty, 2ipompoHa. Takox nokasaHa weudka 36iKHICMb 3arporioHo8aH020 Memody 3 ypaxy8aHHsIM Yucna po3enisiHymux mMo0. KoHkpemHi po3paxyHku 6ynu

8uKoHaHi Orisi pesoHamopa TI'y, zjpompoHa po3pobnieHoeo e yHisepcumemi @yKyi, SInoHis, sikud npautoe Ha Modi TE, , .

Knroyoei croea: HepeaynsipHi xeuneeodu, iMnedaHCHi epaHUYHIi yMosu, xeunesodu 3 empamamu, Memodu rorepeyHuUx nepepisis, 3adayi Helimaxa i Jupuxie,
mepazepyo8e 8UNPOMIHIO8aHHSI, mepaz2epyosi 2ipompoHU, Pe30HamopuU 2ipompoHie, 006pPOMHOCMI, pe30HaHCHa Yacmoma.

MakcumeHko A., M. Hay4H. coTp., XuxHsk C., CT. Hay4H. coTp.,
HHL, "XapbkoBckuit hU3NKO-TEXHNYECKUA MHCTUTYT",

3arunannos I'., o-p pm3mMko-MaTemaTMyecKux Hayk, npodp.

HHL, "XapbkoBckuit hU3NKO-TEXHNYECKUA MHCTUTYT",
XapbKOBCKUI HaLMOHanbHbIN yHuBepcuteT umenn B. H. Kapasuna

3OOEKTUBHbI YACNEHHbIA METOA AHAJIU3A KOHBEPCUW MOJ,
N OMMNYECKUX NMOTEPb B TEPAEPLLOBbIX TMPOTPOHAX

B Hacmosiwee epemsi 2upompoHbI S8MSIOMCS NMEPCNEKMUBHBIMU UCMOYHUKaMu mepazepuoso2o (TIy) usnyyenusi. OOHako, paboma Tl 2upompoHos
CYUECMBEHHO OCrIoXHsiemcs:  OelicmeueM 4pe3ebldaliHoO 8bICOKUX OMUYECKUX Haspy30K Ha CMEeHKU pe3oHamopa U rosieieHUeM M0B0YHO20 U3ITYyHEHUs.
lNpednazaemcs aghgpekmueHbIli Memod paccmMompeHusi amux aghgpekmos. OH rno3eornisiem 6e3 Kakux-rubo yrpoweHull ceecmu kpaesyto 3adady Ornsi MpoOoTbHO
HEO0OHOPOOHO20 (HepeayrsiPHO20) OMKPLIMO20 80/1H0800a C UMMEOaHCHLIMU CmeHKamu (KomopbkiM Modenupyemcsi pesoHamop TIy 2upompoHa) K cucmeme
00bIKHOBEHHbIX OughghepeHyuanbHbix ypasHeHuti (COAY). emarnbHo uccriedosaHo 6MUsHUE OMUYECKUX 1OMepb U KOHBEPCUU MOO Ha Pe30HaHCHbIe Yacmomsbl U
dobpomHocmu pe3oHamopa Ty eupompoHa. [MokazaHo, Ymo amnnumyobl napa3umHbix MoO Mo2ym Obimb cpasHUMbl ¢ paboyeli MoOoU 8 8bIXOOHOM CevYeHuU
pesoHamopa Ty aupompoHa. Takxe rnokaszaHa 6bicmpasi cXoOUMOCMb MPednoxXeHHo20 Memoda OMHOCUMENLHO Yucra paccMampusaembix Mol. KoHKkpemHbie

pacqemsi 6bir1u 8binonHeHs! 051si pesoHamopa TIy aupompoHa paspabomanHozo 6 yHugepcumeme @ykyu, SIoHUsI, komopbit pabomaem Ha mode TE, , .

Knrodesnlie crioea: HepezyrnsipHble 80/1H0800bI, UMMNEOaHCHbIE 2paHUYHbIE YCIlI08Us], 80/THOB0ObI C MOMEPSIMU, MemoOb! MornepeyHbIx cedeHull, 3adaqu HelivaHa
u [upuxrie, mepazepyosoe usyyeHue, mepazepuossie 2UPOMmpPOHbI, PE30HaMopk! 2UPOMPOHO8, A0BPOMHOCMU, Pe30HaHCHas Yacmoma.
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DIELECTRIC-METAL COMPOSITES WITH DISPERSED INCLUSIONS
OF COPPER FOR MICROWAVE RANGE DEVICES

The comparative analysis of dispersive dependences of the coefficients of passing and absorption received on the basis of calculated
according to the theory of the effective environment of Bruggeman and experimental values of complex effective dielectric permeability of
dielectric-metal composites on the basis of disperse inclusions of copper in a dielectric matrix in the range of frequencies from 1 0%to 10"
Hz is carried out. It is established the range of frequencies of application of the theory of Bruggeman for the description of electromagnetic
characteristics dielectric-metal structures on the basis of not magnetic metals. Possibility of use dielectric-metal structures as the shielding

(protective) coverings for devices of microwave range is shown.

Key words: dielectric-metal structure, effective dielectric permeability, shielding coverings, disperse inclusions.

Introduction. The most perspective materials from the
point of view of application in electronics for protection against
microwave electromagnetic radiation, reduction of mutual
influence of electromagnetic radiation of components of
electronic devices, are composite dielectric-metal materials.

For development of such materials are generally used
model (theoretical) and experimental approaches. But in the
first case real frequency dependences of complex dielectric
and magnetic permeability that is essential in the microwave
range aren't considered. In case of experimental approach
usually researches are limited to the narrow range of
frequencies that is rather difficult and expensive process.

Therefore an important practical task is increase of
reliability of forecasting of electromagnetic properties of
materials in the wide frequency range which are used for
development of the coverings absorbing and reflecting
electromagnetic radiation with the set characteristics, for
application in electronic devices.

In this work results of researches of dispersive
characteristics of complex dielectric permeability with use
of model of the effective environment dielectric-metal
composites on the basis of inclusions of copper in the wide
range of frequencies and an assessment of their response
to electromagnetic influence are presented.

Experimental. Dielectric-metal composite materials
were produced by the electromechanical mixing of
nanodispersed metal filler with the binding matrix material
at room temperature. The nanodispersed powder of Al and
Cu was used as metal filler and the epoxy resin as a
dielectric matrix. Series of epoxy resin-xAl (x=0+50 vol. %
is a content of the Al nanoparticles) and epoxy resin-xCu
(x=0+40 vol. % is a content of the Cu nanoparticles)
compositions was prepared.

Dielectric and ac conductivity spectra were measured in
the high-frequency range from 1 MHz to 2 GHz by the
impedance method described in [4, 3]. The Novocontrol
BDS 2100 coaxial sample cell and Agilent 4291B
impedance analyzer were used. Cylindrical samples with a
diameter of 2+3 mm and length of 5+7 mm were prepared.
The pasted silver or evaporated gold electrodes were
deposited on the flat surfaces of samples [5]. The results of
experimental studies of the frequency dependence of the
complex dielectric permittivity are presented in Figure 1.

For all studied compositions, dielectric/conductivity
dispersion was observed. For the compositions with high
metal content, above the percolation threshold, the
conductivity plateau screens the power-law dispersion at
lower frequencies (Fig. 1). Increase of the metal content
results in the increase of the composite dielectric
permittivity, loss and conductivity.

For the description and the analysis of complex
dielectric permeability composite dielectric-metal structures
are widely used model of the effective environment, in
particular Bruggeman's theory [7]. According to this theory,

effective complex dielectric permeability of a composite ¢
is connected with dielectric permeability &, and volume

concentration of the metal inclusions distributed in isotropic
matrixes with dielectric permeability ¢, .

Calculation of dispersive characteristics of complex
effective dielectric permeability for Bruggeman's theory
composite dielectric-metal materials was carried out for
structures in which as a dielectric matrix is epoxy, and as
disperse inclusions copper was applied.

As input values of dielectric permeability of a connecting
matrix g, are used the experimental dispersive dependences

received by us for epoxy which are brought in [1].

For calculation of dielectric permeability of metal inclusions
are used ratios of model of Drude-Lorentz &5] taking into
account values of plasma frequency (1.64-10" Hz) and time
of free run of electrons (2.7-10™"* s) for copper.

Examples of results of calculations of frequency
dependences of complex effective dielectric permeability of
the studied composites on the basis of Bruggeman's theory
are given in Figure 2. For comparison in the same
drawings are presented results of experimental studies of
frequency dependences similar dielectric-metal structures
that executed by us by method of dielectric spectroscopy
and given in [6].

From Figure 2 shows that for composites on the basis of
copper in the frequency range up to 100 MHz experimental
and settlement dispersive characteristics have similar
character, but in the range of frequencies higher than 100
MHz are observed considerable mismatches.

These distinctions can be caused by that for calculation of
theoretical dispersive characteristics dielectric-metal structures
value of dielectric permeability of ideal metal according to
model of Drude-Lorentz which doesn't consider feature of
electromagnetic characteristics of real nanodispersed metal
inclusions and a microstructure of a composite.

For a response assessment of dielectric-metal
composites on electromagnetic influence is executed
calculation of coefficients of a transmission, reflection and
absorption by method of matrixes of transfer [2].

The transfer matrix for a uniform layer is defined by its

thickness d;, index of refraction n=./u-¢ and a corner of
distribution of light ©; .

—in;

cosf; sinf;
cos0;
Ti= (1
.cos0; .
—f—=sinf; cosf;
n

i

The transfer matrix through all layered structure M is
the multiplication of the transfer matrices through the
individual layers M, .
M=T1T, (2)
© Machulansky A., Babych B., 2015
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Fig. 1. Frequency dependence of the real part of dielectric permeability and conductivity
of dielectric-metal composites at various concentrations of metal inclusions of copper
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Fig. 2. Results of experimental studies (the continuous line) and numerical calculations
for Bruggeman's theory (dashed line) of frequency dependences real and imaginary parts of complex dielectric permeability
of dielectric-metal composites at various concentration of metal inclusions of copper: 1 —10%, 2 — 20%

Amplitude coefficients of reflection and transmission
are connected with transfer matrix elements through all
structure by expressions:

r— (M 4+ My5p4) g — (Mpq+ Mpopg)

= @)
(My1+My2p1)Pg + (Ma1+ Mappy)
t= 2p0 (4)
(My4+Myop1)Pg + M1+ Mapps)
where
Py =Ny cos (5)
Py = nycos 6, (6)
Here n, is the refractive index of semi-infinite

environment which limits the structure from which the light

falls, 0, is the angle of incidence, n, and 6, are
appropriate parameters for the last layer.
c 1 1 I
T
| o /1
o R
2] %
T,dB
10° 107 10° 10° 10"
f, Hz

Energy coefficient of reflection:

R=|rf? (1)

Energy coefficient of a transmission:

2
E=Pu ®)
Po
Energy coefficient of absorption:

A=1-R-T 9)
Examples of dispersive dependences of the

coefficients of passing and absorption received on the
basis of calculated according to the theory of the effective
environment of Bruggeman and experimental values of
complex effective dielectric permeability of dielectric-
metal composites with dispersive inclusions of copper,
presented in figure 3.

-404
A, dB
-804
20 [ i , |
10° 10’ 108 10° 10"
f, Hz

Fig. 3. Dispersive dependences of transmission coefficient (a) and absorption coefficient (b) of dielectric-metal covering 3 mm
thick at various concentration of metal inclusions of copper: 1, 1' — 10%; 2, 2' — 20%);
model coverings — a solid line, real covering — a dots



From figure 3 it is visible that in the range of
frequencies up to 100 MHz high-quality coincidence of
characteristics model and real dielectric-metal covering
on the basis of disperse inclusions of copper is observed,
but at frequencies over 100 MHz we have considerable
distinctions.

Conclusions. Thus, the comparative analysis of
dispersive characteristics of complex dielectric permeability
and the response to electromagnetic influence received on
the basis of model of the effective environment and
experimental studies showed that at frequencies up to 100
MHz high-quality coordination of characteristics of model
and real structures is reached, and in the range of
frequencies from 100 MHz to 10 GHz Bruggeman's theory
doesn't allow to describe authentically electromagnetic
characteristics composite dielectric-metal structures in
which metal inclusions are ideal metal of Drude.

Results represent considerable interest for forecasting
of  electromagnetic  characteristics  dielectric-metal
structures and can be used for creation of devices of
microwave appendices.

Mauynsincbkui O., gou., KaHA. TexH. Hayk, Babuu B., cTtyna,.,
kad. MikpoeneKkTpoHiku, hakynbTeT eneKTPoHiku,
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HauioHanbHui TexHiYHUI yHiBepcuTeT YKkpaiHu "KMiBCbKMI noniTeXHiYHUNA iHCTUTYT"

METAJ1-AIENEKTPUYHI KOMNO3UTU 3 ANCNEPCHUMW BKJTOYEHHAMW MIAI
Ana NPUCTPOIB HBY AIAMA30HY

[MposedeHo nopigHsinbHUL aHarni3 ducrepciliHux 3anexHocmel KoegiyieHmie MPOXOOXEHHS i noanuHaHHs, OmpuMaHUX Ha OCHO8i po3paxogaHux 3a Mmeopieto
eghekmusHo20 cepedosulja bpyseemaHa ma eKkcrnepuMeHmarnbHUX 3HaYeHb KOMIIIEKCHOT egheKmueHOI OiesteKmpuUYHOI MPOHUKHOCMI Memasio-OierteKmpuYHUX
KOMIIo3umig Ha OCHOBI OUCMEPCHUX BKIHOYeHb Midi 8 OienekmpuyHiti Mampuyj 8 Oiarna3oHi Yyacmom eio 1 07 010" 'y. BcmaroerneHo diana3oH yacmom 3acmocysaHHs1
meopii bpy2eemaHa Ons orucy enekmpoMagHImHUX Xapakmepucmuk Meman-0iefleKmpu4HUX CMpPYKMyp Ha OCHO8I HeMazHImHUX Memarig. [okadaHa Moxirusicmb
8uKOpUCMaHHs1 Memar-OiefleKmpuYHUX CIMpPYKmMyp 8 IKOCmi eKpaHyto4uXx (3axucHux) nokpummie 0ns npunadie i npucmpoie HBY diana3oHy.

Knroqoei cnoea: meman-0ienekmpuydHi cmpykmypu, echekmugHa dienieKmpuyHa npOHUKHICMb, 3axXUCHI MOKpUMmMSi, QUCNEPCIliHi 8KITOYEHHS.

MauynsaiHckui A., gou., KaHA. TexH. Hayk, Babwu B., cTya.,
Kad). MMKPO3NEeKTPOHNKM, haKynbTeT 3NEeKTPOHUKMN,
HaumoHanbHbIN TeXHUYeCKUA yHUBepcuTeT YkpauHbl "KneBckui nonnmTexHM4eckum MHCTUTYT"

METANT-AN3JIEKTPUHECKUE KOMNO3UTbI C ANCNEPCHbIMU BK/TOMEHUAAMWU MEAN
Aana yCTPONCTB CBY AMUANA30OHA

lMposedeH cpasHUMesbHbIU aHanu3 OUCNEPCUOHHbIX 3asucumocmell KOIghhUUUEHITIO8 MPOXOXOEHUST U MO2ITOWEHUS], MOITyYeHHbIX Ha OCHOBE pacCHUMaHHbIX 10
meopuu  aghghekmusHol  cpedbl  BpyeeemaHa U 3KCrIEpPUMEHMaAsbHbIX — 3Ha4YeHul  KOMMeKcHoU  aghghekmusHolU — Quanekmpuyeckol  npoHuyaeMocmu
MemarsnoduaIeKmpuUYecKUX KOMIMO3UMmo8 Ha OCHO8e OUCMEPCHbIX BKYeHUl mMedu 8 Ouanekmpudeckol Mampuue 6 OuarnasoHe Yacmom om 10% 6o 10” Iy,
YcmaHoerneHo duana3oH Yacmom npuMeHeHUst meopuu bpyezemara Onsi onucaHusi 3neKMpoMagHUMHbIX Xapakmepucmuk MemainioOuasIekKmpu4ecKux cmpykmyp Ha
OCHO8e HeMazHUMHbIX Memasios. [Toka3aHa 603MOXHOCMb UCIOMNb308aHUSI MEMarioOUaIeKmpUYECKUX CMPYKMyp 8 Kadyecmee 3KpaHUPYoWUX (3au4UmHbIX)
rokpbimuti 0r1s1 npubopoes u yecmpoticme CBY duanasoHa.

Knroyesbie crosa: Memarnnoduanekmpudyeckue cmpykmypsbl, achchekmueHas Quanekmpuyeckasi npoHUUaeMoCcmb, 3aUiUMmHbIe MOKPbIMUs, OUCMePCUOHHbIE
BKITOYEHUSI.

UDC 621.3.032.266
I. Melnyk, Dr. of Tech. Sc.
Electronic Devices Department, Electronic Faculty,
National Technical University of Ukraine "KPI", Kyiv

METHODIC OF SIMULATION OF GUIDING
OF SHORT-FOCUS ELECTRON BEAM IN THE EQUIPOTENTIAL TRANSPORTING CHANNEL
OF HIGH VOLTAGE GLOW DISCHARGE ELECTRON GUNS

Methodic of simulation of guiding systems for short-focus electron beams, formed by High Voltage Glow Discharge Electron Guns
(HVGDEG), is described in this article. The simulated guiding system consists of the parts of cylindrical or conical parts of tubes and
included some focusing magnetic lenses. For providing of calculation the pressure distribution along the way of moving of beam electrons
was taking into account. For simulation of electron beam parameters such important physical effects, as dissipation of electrons on the ions
of residual gas, ion focusing and pinch-effect are considered. Special algorithm was realized for defining the losses of beam current,
caused by settling of beam electrons on the channel’s wall. The aim of simulation was minimization of losses of beam current with providing
of necessary pressure difference between the discharge chamber of electron gun and the technological chamber.

Key words: electron beam guiding system, electron beam evaporation equipment, magnetic focusing lenses, ion focusing, pinch-
effect, beam current losses

Introduction. HYGDEG are widely used in the different
branches of industry for realizing such complex
technological processes, as high-rate electron beam
welding in the medium of soft vacuum, deposition of

chemically-complex ceramic coatings in the medium of
active gases, annealing of different materials and parts of
mechanisms, as well as for refining of refractory materials
[1, 2]. Among these operations special place occupied the

© Melnyk 1., 2015
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deposition of ceramic coatings in the medium of active
gases. High-rate electron-beam deposition of dielectric,
heat-resistant and hardness ceramic coatings in the
medium of active gases allows obtaining the high-quality
coatings with improved physical parameters [2].

One of the main problems of realizing this technological
process is the difference of pressure, necessary for stable
operaton of HVGDEG and for realizing of coatings
deposition. The pressure in gun’s chamber is usually greater.
In such conditions elaboration of beam guiding systems for
providing the required difference of pressure is necessary [4].
In such guiding systems existed the losses of beam current,
caused by settling of beam electrons on the channel's wall,
and by this reason the beam power in some cases may be
significantly reduced. Therefore, during elaboration of beam
guiding systems, minimization of energy losses must be
provided. For solving this complex optimization task the tools
of computer simulation can be successfully used.

In the installations based on traditional electron guns
with the heated cathode usually long-focus electron beams
guided from region of high vacuum to the region of softer
vacuum. Therefore electron beam guiding systems in the
equipment, based on HVGDEG, have some important
singularities. Firstly it is clear, that the formed beam must
be transporting from the level of soft vacuum to the level of
higher vacuum and this important fact cause the conditions
of beam focusing in the plasma of ionized gas. The second
important singularity is that electron beams, formed in
HVGDEG, have a large convergence angle and usually
can be considered as short-focus beams [1, 2]. Structure
scheme of electron-beam installation for deposition of
ceramic coatings with HVGDEG is presented at Fig. 1.
Here arc discharge is used for maintaining the chemical
reaction between the vapor and residual gas [1, 2].

Therefore, the aim of this article is describing of
methodic of simulation of corresponded beam guiding
systems with taking into account pointed out singularities of
beam transporting in the installations for deposition of
ceramic coatings, based on HVGDEG. Elaborated
mathematical model and its computer realization allows to
estimate the losses of beam current and to reduce it's by
variation the geometry of guiding channel.

Operation gas

~|11|-
14
|15 |

13
il |
4 1

—

Operation
s e i
1 -

Pumping

Fig. 1. Scheme of technological installation
for deposition of ceramic coatings with HYGDEG:

1 — HVGDEG, 2 - technological chamber, 3 — electron beam,
4 — guiding system, 5 — focusing magnetic lenses, 6 — magnetic
system of beam deflection, 7 — ring-like electrode for lighting
arcdischarge, 8 — water-cooled crucible with evaporated material,
9 — vapor, 10 — substrate, 11 — high voltage power source,
12 — control system of beam current, 13 — electromagnetic valve,
14 — system for supplying of focusing lenses, 15 — system
for supplying of deflection coil, 16 — systemfor supplying
of arc discharge

Determination of problems and its’ discussion. In
papers [3, 4] was pointed out, that for obtaining necessary
pressure difference between the discharge chamber of

electron gun and the technological chamber solving of the
problem of beam guiding from the soft to the higher
vacuum in the equipotential channel in the magnetic field of
focusing lenses is necessary. This task was considered
and solved analytically in these works for the channel with
non-linear geometry, described by simple power function:

rgc(z):A(z+zo)a, (1
where z — longitudinal coordinate, rgc — radius of channel,
7o, a, A — coefficients, which are defined by input and
output radiuses of the channel. But in the work [3] was
pointed out and proved, that using of non-linear channel
geometry in many cases is not profitable, usually cylindrical
or conical geometry of channel is suitable for minimizing of
the losses of beam current to the suitable value.

In general, for analyzing the process of electron beam
guiding in the equipotential channel considered such
interconnected tasks.

1. Calculation of pressure distribution along the length
of channel with using the equations of vacuum technique [3].

2. Defined the magnetic fields of focusing lenses [4].

3. Calculation of boundary trajectory of the electron
beam with taking into accounts self space charge of beam
electrons, dissipation of electrons on the atoms of residual
gas, ion focusing of beam in the guiding channel, as well
as pinch-effect [4].

4. Considering of dissipation of electrons’ initial velocity.

Optimization of guiding channel geometry was realised
by the senescence solving of complex task of beam
guiding for the different geometry parameters of the
channel. The criterion of optimization was the minimizing of
losses of beam power in the channel with obtaining the
required difference of pressure between the gun’s chamber
and technological chamber. Mathematically this condition
can be written as following equation:

12 =min(l,, )|

(2)

Py —Ps=const ’
or for the current of electron beam:
17 = max(l, )

©)

where [,, — losses of beam current, /, — current of

Pg —Pc =const ’

electron beam, p, — pressure in the electron gun, p, —

pressure in the technological chamber.

It is clear, that the losses of beam current caused by
the settling of electrons on the channels wall. Method of
defining of the losses of electron beam will be considered
in the next sections of the article.

Considering now separately the mathematic relations
for solving the tasks 1—4, which were determinate beyond.

Simulation of the vacuum properties of guiding
channel. With defined values of pressure in the gun
chamber Py and in the technological chamber p, the

necessary productivity of pumping means S, defined from
the main equation of vacuum technique [4]:
Py — Pg
Sp=Uy " (4)
where Uy, — vacuum conductivity of the guiding channel.

As have been pointed out in the pervious section,
usually for guiding of electron beam used the channels with
the cylindrical or with the conical geometry. The
conductivity of cylindrical channel with input diaphragm can
be calculated with using following equations [3]:

— r22_r12 lc
% 116mrfr?  968ry
1
Uge =—— 5
gc w. ( )

gc
and for the conical channel [3]:
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— 4VI’1I’2 (6)

%3, (r+r,)
where r; —input radius of the guiding channel, r, — output
radius of the guiding channel, /, — length of the channel,

Wgc — vacuum resistance of the channel, v — velocity of

gases molecules. Corresponded equations for vacuum
conductivity of the guiding channel with non-linear
geometry were also obtained in paper [3]. It must be
pointed out, that equations (5, 6) is correct for molecular
regime of gas flowing. For calculation the vacuum
conductivity of channel in intermediate regime must be
used the following correcting coefficient J [4]:

| 1+202(r1+1,)p+ 2653 (1, + n)p)
B 1+236(r +1y)

.U =JU,, (7)

I

where E— average pressure in the channel, U; — conductivity

of the channel in the intermediate regime, U,, — conductivity

of the channel in the molecular regime. Geometrical
parameters of cylindrical channel with input diaphragm
and of conical channel are presented in Fig. 2.

I le

a) b)

Fig. 2. Geometrical parameters of considered cylindrical (a)
and conical (b) guiding channels

During simulation the guiding system value of
pressure, obtained from the equations (4-7), was used
for defining the ions’ concentration along the distance of
beam transporting. Corresponded equations for
calculation the concentration of ions will be presented in
the next section of the paper.

Simulation of interaction of the beam electrons with
the ions of residual gas and defining of boundary
trajectory of guided electron beam. As have been
pointed out beyond, during analyzing propagation of
electron beam through the residual gas, such important
interconnected physical effects have been considered.

1. Dissipation of electrons on the gas ions
corresponding to Rutherford interaction model [4].

2. Influence of self space charge of beam electrons [4].

3. Influence of space charge of ions of residual gas [4].

4. Magnetic focusing of electrons in the residual gas, or
pinch-effect [4].

It is known, that for Rutherford model of dissipation the
medium angle of deflection of moving particles defined
from the equations [4]:

0\ 1074z 0 z75/2
R i U
2 2B 2 2B

—2  8ur2nZ%z (6, v2
B U R

and 6, — correspondently maximal and

where 0

min

minimal angles of dissipation, 0 — average angle of

dissipation, Z, — charge of nuclear of the residual gas,
B — relation of velocity of electrons to the light velocity,
v, — velocity of electrons, r, — radius of electron beam,

n — concentration of the gas atoms, y - relativistic factor.

Influence of ion focusing to the propagation of electron
beam depended from the pressure of residual gas. lons
concentration on the axis of guiding channel n;, defined by

the following equation [3-5]:

Meqn U
no =~nr2B.pn f 0 exp| ——=— |, 9
i0 b /p e meUC p[ Sonersz ( )

where B, — level of the gas ionization, p — pressure in the

considered part of the channel, U, - voltage on the
cathode of electron gun, n, — concentration of electrons in
the beam, m, — mass of electron, ¢, — dielectric constant,

M — molecular mass of the gas atoms. Taking into
account relations (8,9), equations for defining the
boundary trajectory of guided electron beam can be written
in the following form [3, 4]:

Ib(1—f—B2).

=€ . C= :
n;, —n,
e 4re, /Z—eUS/Z
me

a’n, _C_enBlh  do
dz? r, 8myU, dz’
where U, — potential of gas ionization, B,, — induction of
the magnetic field on the axis of guiding system. Method of
calculation of magnetic field for symmetric focusing lenses
will be described in the next section of the article.
Calculation of induction of magnetic field and
describing the construction of considered
transporting system. For calculation of inductivity of
magnetic field on the axis of guiding system with using of
symmetric focused magnetic lenses was used well-known
approximate relation [3, 5]:

~1,257-107%/N, y
25,

(10)

BZO

z+—+
2 2 .

! !
3 2 3 2
where S, — the length of non-magnetic gap, D, —diameter

of lens, I, — current of lens, N, — number of coils, z, —lens

position relatively to the input aperture of the guiding
channel. Scheme of construction of symmetric magnetic
lens with defined geometry parameters presented at the
Fig. 3. During providing the calculations obtained value of

X

B,, substituted in the equation (10).
raA
1 D, w R |
D E—

J BT

: I
2 i 3 i

Fig. 3. Construction of symmetric magnetic lens.
1 -lens’ coils, 2 — magnetic screen, 3 — non-magnetic gap
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The guiding system with 2 magnetic lenses was
considered as a suitable construction for experimental
electron-beam installation. One of these lenses is located
closely to the input aperture, and the second on the
distance zp from it. Scheme of construction of simulated
guiding system with defined positions of magnetic lenses
presented at Fig. 4.

Fig. 4. Construction of simulated guiding system

Using of more focusing lenses usually is not
practically profitable. It is caused by the complicity of
correct tuning of multi-lenses guiding systems [5]. But in
any case in elaborated software analysing of systems
with 3, 4 and 5 lenses is also possible. Position of second
lens is defined by solving the optimization task, described
by relations (2, 3). Algorithm of solving of this task will be
described below. Proposed method of calculation of the
losses of beam current, caused by the settling of beam
electrons on the channel wall, will be described in the
next section of this paper.

Simulation of losses of the beam current. In the
papers [1, 2] was pointed out, that for realising of
technological processes of obtaining the ceramic coatings
the minimal pressure of active gas in technological
chamber is usually grater, than 102 Pa. In such physical
conditions among the processes of beam interaction with
the residual gas, described beyond, the process of
dispersion of electrons on the ions of residual gas is most
essential. The average angle of electrons’ dissipation is
defined from the equation (8). In such conditions of beam
propagation influence of random collisions is the main
factor that defined the radial distribution of beam current
density. Therefore, corresponding to the probability theory,
such distribution of current density can be accurately
described by the Gauss law [4]:

. . r?

J(r) =l exp[—Bsz , (12)
b

where j(r)— function of distribution of beam current

density, j, — beam current density on the symmetry axis,

B, — parameter of Gauss distribution function.

For using of equation (12) in calculations of losses of
beam current parameters of Gauss function j, and
B, must be conformed with the beam radius r, , defined by

the boundary beam trajectory, calculated from equation
system (4-11). In paper [4] was proposed the numerical
method for solving this mathematical task. With known

beam radius r, parameters j, and B, can be calculated
by solving such system of non-linear equations [4]:

B, = |tb o e Ty (13)
"\ 2mj, " w2 ° Plpz )

In the paper [4] also have been pointed out, that
equation system (13) usually can be solved numerically in

few steps with applying the Stephenson method and using
such initial estimate [4]:
. /
Jo :7b2 - (14)
g
Therefore, for Gauss distribution of beam current
density the losses of current can be defined as [4]:

<ol (2] 1]

Reducing of beam current in the corresponded iteration
by coordinate z is defined as [4]:
Iy =15 ~dif, (16)
where n — number of iteration.
In the paper [3] also was proposed the method of
calculation of beam current losses with taking into account

the dispersion of velocity of beam electrons. In this case
such equation must be used [3]:

2
t
Ate:rbj[rsj dt, By =at, |2KTe (17)
b m

s tg e

where r, — radial coordinate of boundary beam trajectory
in the region of input diaphragm of guiding channel, T, —
the temperature of electron gas in this region. For the
technological installations with HVGDEG, which scheme
presented at Fig. 1, usually the value of kT, is in range
kT, =4 eV [3].

Algorithm of simulation. Calculation of beam losses
in the guiding channel was realised in computer software
with using following algorithm.

1. Input and verification of required model parameters,
namely: pressure in HYGDEG pg, pressure in technological
chamber pc, productivity of pumping Sp, number of coils of
magnetic focusing lenses Nj and Np, current of magnetic
focusing lenses Iy and Ip, voltage on the cathode of
electron gun U, starting angle of moving of beam electrons
in the region of input diaphragm 6s, starting radius of beam
rs, input and output radiuses of guiding channel ry and r,
(Fig. 2), position of second magnetic lens zp (Fig. 4). Input
parameters ry, r and zp are usually changed during the
optimization of guiding system.

2. The losses of beam current at the pervious iteration
calculated from the equations (13-17).

3. The gas pressure the corresponded
calculated from the equations (4-7).

4. The induction of magnetic field of focused lenses
calculated from the equation (11).

5. Defining of ions space charge at the corresponded
iteration with using equation (9). For providing this
calculations substituted the value of gas pressure, obtained
in the step 3.

6. Defining of average angle of dissipation of beam
electrons with using equations (8).

7. Numerical integration of equation system (10) with
using Runge-Kutt method of four order. In this step used
the values of induction of magnetic field, obtained at the
step 4, of ions’ concentration, obtained at the step 5, and of
the dissipation angle, obtained at the step 6.

8. Defining the beam losses on the corresponded
iteration with using equations (13-17).

9. In the case p<p,— jumping to the step 3, in

contrary — jumping to the step 10.

10. Defining the length of the channel I; as I; = z.

11. End of solving the task for the specified values of ry,
r, and zp.

12. Changing the values ri, r; and zp and solving of
optimization task (2, 3) with using the method of golden
section.

iteration
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13. End of solving of optimization task and output of
simulation results.

Obtained simulation results will be presented and
analyzed in the next section of the paper.

Obtained simulation results and its discussion.
Testing of proposed simulation and optimization algorithm
was provided for guiding system with two focused magnetic
lenses, presented at the Fig. 4. Parameters of simulated
system presented in Table 1, and the results of simulation in
Fig. 5. Simulation and optimization of guiding system was
realized with using the algorithm, described in the pervious
section. This algorithm is based on equations (4-7).

Table 1
Input parameters of considered guiding system
Parameter Value
Acceleration voltage, U, 10 kV
Starting angle of moving of electrons, 65 Changed
Starting current of electron beam, /s 1A
Starting radius of electron beam, r, 1 mm
Diameter of input aperture of channel, r4 9 mm
Diameter of output aperture of channel, r; 25 mm
Pressure in the chamber of HVGDEG, p, 5 Pa
Pressure in the technological chamber, p. 0.1 Pa
Productivity of pumping, S, 0.1m’s
Wideness of lenses, d, 5sm
Wideness of non-magnetic gap, S, 1sm
Parameters of first lens
Number of coils, Nj 2000
Lens current, /4 25A
Parameters of second lens
Number of coils, Npp 2000
Lens current, I Optimized
Position of second lens, z, Optimized
r,mx 103 2
16 3
8
a)
0 0.05 0.1 0.15 0.2 zZ,m
hos, A 1072 42
2
1.5 3
1
0.5 b)
0.05 0.1 0.15 0.2 z,m

Fig. 5. Boundary trajectory (a) and dependences
of losses of beam current from the distance
of transporting (b) for different input an%els 0s.
1-0,=15",2-0,=20°,3-6,=25

On the Fig. 5, a, presented the boundary trajectories of
electron beam, and on the Fig. 5, b — corresponded losses

MenbHuk ., A-p TexH. HayK,
kadp. eNeKTPOHHUX NpUnaaiB Ta NPUCTPOIB, PaKynbTeT eNeKTPOHIKK,
HauioHanbHin TexHi4YHUI yHiBepcuteT Ykpaiuu "KMI", Kuis

of beam current. Optimizing of location of second magnetic
lens is realized by analyzing the position of maximum of
radius of electron beam in the guiding channel. The current
of second magnetic lens was 1.8 A.

Provided investigations shown, that in the case of
optimal position of second lens the losses of beam current
is not very great, not more than few percents of full current.
The dependence of beam current losses from the distance
of beam transporting giving important information about the
optimal choosing of channel geometry and second lens
position. Such cases are possible.

1. The dependence is dome-shaped with maximum,
which located in the region of significant reducing the value
of beam current. In this case reducing of losses is possible
by the reducing the radius of input aperture. Another way of
reducing the losses is optimizing the location of second lens.

2. The dependence is exponential, and the maximal
losses are near the input aperture. In this case reducing
of beam losses is possible by increasing the radius of
input aperture.

3. The dependence is exponential, and the maximal
losses are near the output aperture. In this case reducing
of beam losses is possible by increasing the radius of
output aperture.

4. The dependence is similar to linear, but it has some
spikes, and in the region of spikes located the focusing
lenses. Namely this case is presented at Fig.5.
Parameters of such system are close to optimal, and it can
be successfully used in the industrial electron beam
installations for deposition of ceramic coatings.

Conclusion. For providing optimization of guiding
system in electron beam equipment with HYGDEG second
magnetic lens must be located in the region of insignificant
increasing of beam losses. In such conditions the current of
second lens is choosing by necessary value of beam
convergence angle and beam radius on the surface of
evaporated material. The results of this work can be
successfully used for elaboration the real guiding system
for industrial evaporation equipment with HVGDEG.
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METOANKA MOAENOBAHHA TPAHCNOTPYBAHHA KOPOTKO®OKYCHUX EJIEKTPOHHUX MYYKIB,
SAKI ®OPMYHOTbCA ENIEKTPOHHUMUN TAPMATAMU BUCOKOBOJIbTHOIO TZIIKOYOIro PO3PAAY,
B EKBINOTEHUIAJIbHOMY KAHAJII

Y cmami onucyembcs MemoOuka MOOeneaHHs1 cUCMmeM MPaHCIOPMy8aHHsI KOPOMKOOKYCHUX €/IeKIMPOHHUX r1yyKie, siKi ¢bOPMyombCsi €/1eKmMpPOHHUMU
2apmMamamu Ha OCHO8i 8UCOKOBO/IbIMHO20 MIiito4o2o po3psdy. Cucmemam mpaHCriopmyeaHHs], sika MOOE/loemMbCs, ckriadaembCsi 3 8iOpi3Ko8 UUMIHOPUYHUX ma
KOHIYHUX mpy6, Wo 3 €0HyombCsi Mixk coboro, i Micmumb Oekinbka QhOKyCysarbHUX MacHImHUX NiH3. [1i0 Yyac nposedeHHs1 po3paxyHkie 8paxosysascsi po3rodin muckKy
83008X 008XUHU KaHarly mpaHcriopmyeaHHs rydka. [1i0 4ac po3paxyHKy rnapamempis esieKmpoHHOZ0 Iy4qKa, sIKUL mpaHCriopmyembCsl, 8paxosysasuch maki 8axusi
hi3uyHI echekmu, sIK PO3Cito8aHHsI €/TEKMPOHI8 Ha iOHax 3aruuwKo8020 2a3y, ioHHe ¢hOKyCy8aHHS rydYka ma niHd-e¢bekm. st obuucrieHHs empam cmpymy riyyKa, sKi
0byMoerieHi OciOaHHSIM eIeKmpPOHie Ha cmiHKkax KaHasy, 6ye po3pobneHull creuianbHul anzopumm. Llinmo modernosaHHs 6yna MiHimisauis epam cmpymy rnydka 3a
ymosu 3abesneyeHHs1 HeobXiOHO20 repernady MUCKY MiXX PO3PSIOHOK KaMeporo 2apMamu ma mexHOI02iHHOK KaMepPOIO YCMaHO8KU.

Kmroyoei cnioea: cucmema mpaHcriopmyeaHHsi eeKmMpOHHOZ0 ryqKa, eleKmpOHHO-MPOMeHese ycmamkysaHHs Orisi 8UNaposysaHHsi, MagHimHa GboKycysarbHa

1iH3a, i0HHE ¢hOKYCy8aHHS, MiHY-eghekm, empamu cmpymy ryyKa.
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METOANKA MOAEJIMPOBAHUA TPAHCIMOPTUPOBKN KOPOTKO®OKYCHbIX 3JIEKTPOHHbIX NMY4YKOB,
®OPMUPYEMbIX 3JIEKTPOHHbIMU NYLLKAMU BbICOKOBOJIbTHOI'O TJIEFOLLIEITO PA3PSIA,
B 3KBMNOTEHUWAJIbHOM KAHAJIE

B cmambe onucbisaemcsi Memoduka MOOeIupo8aHUsi CUCMeM MPaHCIoPMUPOBKU KOPOMKOGOOKYCHbIX 3IEKMPOHHBIX My4KO8, (hOPMUPYEMbIX 3MIEKMPOHHbIMU
MywKamu Ha OCHOBE 8bICOKOBOITbIMHO20 mrielowe2o paspsida. Modenupyemasi cucmema mpaHCriopmuposKU COCMoUm U3 COEOUHEHHBIX OMPE3KO8 KOHUYECKUX Unu
YUmuHOpUYECKUX mMpPy6 U BKITIoYaem HEeCKObKO GDOKYCUPYHOUUX MagHUMHbIX SUH3. [pu nposedeHuu pacyemos yyumsisanock pacnpederneHue dasreHusi 8001k
OnuHbI KaHana mpaHCropmuposku ryyka. [pu pacdeme napamempos MmpaHCropmupyemMo20 3/IeKMPOHHO20 MyYKa yYumbI8anuCh Mmakue axHbie ¢husudyecKue
aghpekmbl, KaK paccesHue 3/IeKMPOHO8 Ha UOHaX OCMamo4yHO20 2a3a, UOHHasi (DOKycuposka U ruH4-3ghgbekm. [lnsi ebl4uCrieHust romepb Mmoka rydKa,
006ycrioeneHHbIx ocedaHueM 3/1eKMPOHO8 Ha CMeHKax KaHarna, bbi paspabomaH crieyuarnbHbili anzopumm. Lienbio ModernuposaHusi Aensinacs MUHUMU3aUUS omepb
moka ryyka rpu obecriedeHuu mpebyemoezo nepernada 0asreHul Mexo0y pa3psiOHOU KkamepoU MywKU U MexHomo2u4eckol kKamMepou yCmaHO8KU.

Kmroyesnle criosa: cucmema mpaHCMopMmMUPOBKU 3IEKMPOHHO20 My4Ka, 3IIeKMPOHHO-TTy4e8oe ucrnapumerisHoe obopydosaHue, MazHUMHas GhoKycupyrowas
JIUH3a, UOHHasi ¢hOKycuposKa, MuH4-3¢hghekm, nomepu moka ryyka.
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RESEARCH OF THE TRANSMISSION COEFFICIENTS DURING OF THE CONE-BEAM TOMOGRAPHY

This article investigates the transmission coefficients of the different environments on the example of aluminum and water. It was found
that transmission coefficients calculated by the image brightness and by the doses are differed. It is shown that the correction of the
transmission coefficients can be implemented by using corrective coefficients and hardware. It is experimentally found that the addition in
the X-tract of the aluminum filter by corresponding size the mismatch of the transmission coefficients, calculated by the image brightness

and the doses measured equipment, is negligible.

Key words: tomography, transmission coefficient, water phantom, radiography, image color-coding.

Introduction. The X-ray computer tomography (CT) is
one of the most effective methods of the modern
diagnostics, because it has a high degree of informativeness
of the results [4, 8]. However, this information content has
also high price as the cost of equipment, and as dose loads
experienced by the patient. As in other investigation
radiological methods, the CT use the X-rays.

As in other radiological methods of investigations in the
CT uses X-rays (X-rays). Tomography is based on the
principle of the X-ray sequential scanning of the human body
at different angles [5]. CT allows the certain cross-layer
image (slice) obtaining of the human body. Thus, the
organism is investigated the layers with step in 0.5-10 mm,
and each such slice requires to exposure of the patient to
the imaging layer. With the help of proper software, the
computer processes the received the X-ray absorption data
of the human body slices and builds an image of the body at
the scanning level. However, we can see by CT the
structures that are not visible in conventional radiographs [1].

In the modern CT is carried out the image
reconstruction. It allows to provide a 3D model of the
investigated objects. For three-dimensional image
obtaining the patient is gradually shifted along the rotation
axis or rotation is carried out only the radiation sources. It
allows to done a sequence of sections. From thus sections
are reconstructed three-dimensional image [4]. In addition,
for informativeness improving the of obtained image is
made their coloring in anatomical colors based on
appropriate software [2], figure 1.

X-ray beams pass through the patient’'s body and leave
a mark on the film or CCD [3]. This trail forms a "flat" image
of the internal organs of the patient superimposed on each
other. Unlike CT, obtained by X-ray picture is a projection
image that is not visible to human organs and tissues, but
only their shadows. This kind of investigation has a lower
informativeness, but it has a low cost of the equipment and
a low patient's dose. Unfortunately, coloring such image in
anatomic colors does not increase its informativeness due
laths images of each other tissues.

Fig. 1. Visualization of a cross section of the chest cavity
(the kind of top-down) in: a) gray scale coloring;
b) coloring by using anatomical colors

So, the using of CT and X-ray technique advantages for
diagnostic quality improving and patient’s radiation dose
reducing in comparison with traditional CT is the great
interest for medicine.

Problem formulation. X-ray tube emits a thin
collimated, fan-shaped X-ray beam perpendicular to the
long axis. This beam may be broad enough to cover the
entire diameter of the body. Passed through a patient's
x-ray beam is fixed system of special detectors. X-ray
photons generate electrical signals in the detectors. The
greater the intensity of the primary beam reaches the
detector, the greater the electrical signal. If we fix the
intensity of the transmitted radiation, it is possible to
calculate the transmission coefficients of primary beam.
During passing through the tissue, X-rays are
attenuated, partly due to the absorption of energy, partly
due to scattering. Attenuation can be described by the
following formula [7]:

I=ly*e ™,
where | — the intensity of the transmitted radiation
(i.e. radiation at the output of tissue); Iy — the intensity of
the incoming radiation (at the inlet of tissue); m — total
linear attenuation coefficient of the tissue; d - the
distance is passed by the radiation through the tissue
(the thickness of tissue).

© Miroshnichenko N., Melenevska N., Kulich E., Aslamova L., Miroshnichenko S., Hobta Yu., 2015
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The attenuation coefficient caused by the atomic
number and electron density of tissue. So, atomic number
and electron density, they are two parameters that define
the properties of tissue to weaken the X-ray radiation.
Please note that the transmission coefficient also depends
on the energy of X-rays. The transmission coefficient
described as follows:

Kﬁzlw1ow%:e””,
I

0
where Ky — transmission coefficient of a tissue or a
phantom simulating tissue [6].

Therefore, the tissue's transmission coefficients
measuring has the great importance for the diagnosis. For
example, the presence of the fatty infiltration hepatic can
be diagnosed by identifying portion abnormally low
transmittance in the hepatic parenchyma.

X-ray slice informativeness increasing is possible by
coloring in anatomical colors of the two-dimensional
images. Such color-coding can be performed based on
color matching of the tissue or organ its transmittance
coefficient for slice. This generated two-dimensional image
will be having the usual for the doctor coloring of the
anatomical organs and tissues. Therefore, the
informativeness increasing of the X-ray slices is possible
by obtaining of the two-dimensional images colored in
anatomical colors.

Methods. At present, in the first time in Ukraine
Scientific and Production Association "Teleoptic" is
developed a new generation of tomography — cone-beam
computer tomography, figure 2. This complex can operate
in three modes: radiography, fluoroscopy and tomography.

h i v

Fig. 2. Photo of the experimental complex

For correct coloring of tissues in the anatomical colors
necessary to define the matching conditions of the
transmission coefficients, recalculated by the image
brightness and based on measurements dosimeter. To
solve this problem we have been investigated transmission
coefficients of in different environments for example
aluminum and water.

The experiments were performed in a stationary
tomography mode on the receiver lona-RF-4335 with
cesium-iodine screen manufactured by company Pingseng.
For current and voltage generating was used generator
Indico 200 ("CPI", Canada) and X-rays reproduced X-ray
tube manufactured by company "Toshiba".

For checking of the correct transmission coefficients
calculated on the basis of measured doses were carried
out the experiments repeating similar measurements
performed for the apparatus RUM-20M [6]. The
measurements were taken at a voltage of 75 kV and a
current of 50 mA and time 20...200 ms. As a test object for
the study of the absorption coefficients was used the
aluminum panels with size of 12*12 cm and thickness of
0...31 mm. In addition to these collimator plates on the X-
ray tube has been installed filter with thickness of 2.7 mm.
The dose beyond test object is measured by the dosimeter
"Redcal", located at the input to the receiver, i.e. after the
test object.

The transmission coefficients based on the image
brightness calculated by the formula:

B

-_H «
Ktr(B)_ B(2,7) Kn’
H)

where B — the measured image brightness, B(2,7) — the
measured image brightness with thickness of the aluminum
filter 2,7 mm, H — exposure, H(1) = 1 mAs — exposure with
thickness of the aluminum filter 2,7 mm, K, = 34 —
normalization coefficient. It allows comparing the
experimental data to tabulated values with [6].

The transmission coefficients based on the dosimeter
measurements were calculated using the formula:

D

Ki (D)= 57y Ka

H()
where D — dose, measured after the test object, D(2,7) — dose,
measured after the test object with thickness of the
aluminum filter 2,7 mm.
The measurement results (Table 1) of the transmission
coefficients Ky (D) and Ky (B) compared with similar
measurements Ky tan), carried out for apparatus RUM-20M [6].

Table 1
Parameters and results of the experiments
U, kV I, mA t, ms H, mAs Al, mm Ktr tabl, % Ktr(D), % Ktr(B), % D, mP B
75 50 20 1 2,7 34,0 34,0 34,0 13,4 4395
75 50 20 1 4,7 20,0 19,3 24,8 7,6 3201
75 50 20 1 7,7 12,5 11,2 17,2 4,4 2224
75 50 20 1 12,7 6,0 3,6 7,2 1,4 935
75 50 40 2 20,7 1,9 1,6 3,6 1,24 935
75 50 80 4 28,7 0,8 0,8 1,9 1,22 983
75 50 200 10 33,7 0,5 0,6 1,6 2,45 2050

As seen from table 1, the transmission coefficients
calculated by the measured doses and given in [6], are the
same in view of measurement errors. Therefore,

hereinafter are compared transmission coefficients, shown
in [6] and the calculated by image brightness. In this series
of experiments, the transmission coefficients calculated by
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the image brightness, are significantly different from
transmission coefficients recalculated by the measured
doses. However, all three transmission coefficients are the
same at the aluminum thickness of 2.7 mm, i.e. only the
aluminum filter thickness on the collimator. So,
transmission coefficients calculated by doses and image
brightness are distinguished. It should be considered the
relevant  correction  coefficients when calculating
tomographic images.

In the next series of experiments as the test-objects were
used water phantoms with different thicknesses. We check

equality of the transmission coefficients, calculated based on
the image brightness 1 shown in [6]. The measurements
were carried out at a voltage of 75 kV and a current of
50...250 mA and time 4...20 ms. As a test object for studying
the absorption coefficients were used water phantoms with a
thickness of 0...14 cm. X-ray tube collimator was setting
aluminum filter with thickness of 2.7 mm.The measurement
results (Table 4) of the transmission coefficients Ky (B),
recalculated on the image brightness, compared with the
same measurements Ky tap1, Shown in [8].

Table 2
The experiment parameters and the results of the transmission coefficient calculation
U, kV I, mA t, ms H, mAs Water, sm Kir tabl, %o K(B), % B
75 50 10 0,5 0 100,0 100,0 1870
75 50 10 0,5 2 63,5 64,2 1200
75 50 20 1 5 32,2 36,9 1380
75 100 20 2 5 32,2 37,2 2781
75 100 20 2 7 20,4 23,9 1790
75 160 20 3.2 7 20,4 23,7 2842
75 100 20 2 10 10,3 12,7 950
75 160 20 3,2 10 10,3 13,0 1552
75 160 20 3.2 14 4,2 5,6 669
75 250 20 5 14 4,2 57 1060

As seen from Table 2, transmission coefficients
calculated by the image brightness are differed from the
literary in 20...30%.

For the identification of the transmission coefficients,
counted on the image brightness, to the transmission
coefficients, taken from [8], you must enter a correction
factor K. This coefficient can be calculated by the formula:

Kc — Ktrtabl i
KtrtabI(B)
The results of calculations are presented in Table 3.

Therefore, the "right" transmission coefficients must be

calculated according to the formula:
Ktrc(B) = Ktr(B) *Kc .

In the next of experiment’'s series for correction by
hardware of the transmission coefficients calculated based
on the image brightness, to water phantom experimentally
picked up an additional aluminum filter with different
thicknesses. After obtained transmission coefficients based
on the image brightness were compared to the similar
transmission coefficients given in [6].

Measurements were carried out at a voltage of 99 kV

Table 3 and a current of 50...160 mA, and time of 20 ms. As a test
Table of correction coefficients object for the study of the absorption coefficients was used
Kir tabi, % Ku(B), % K. water phantom having a thickness of 0...14 cm. X-ray tube
100,0 100,0 1 collimator had aluminum filter thickness was 2.7 mm. The
63,5 64,2 0,989 front of the water phantom was located aluminum filter
32,2 36,9 0,873 thickness 4.0 mm.
32,2 37,2 0,866 L -
20.4 23.9 0.854 The measurement results_ the transmlssmn coefficients
204 237 0.861 of Ky(B), based on the image brightness, table 4,
103 12.7 0,811 compared to similar measurements K tap given in [6].
10,3 13,0 0,792
4,2 5,6 0,750
42 57 0,737
Table 4
The experiment parameters and the transmission coefficients
U, kV I, mA t, mc H, mAs Water, cm Kir tabl, % K(B), % B
99 50 20 1 0 100,0 100,0 6070
99 50 20 1 2 69,3 68,4 4150
99 50 20 1 5 39,9 39,2 2378
99 50 20 1 7 27,6 27,3 1658
99 100 20 2 7 27,6 271 3296
99 125 20 2,5 7 27,6 27,0 4100
99 100 20 2 10 15,9 15,5 1885
99 125 20 2,5 10 15,9 15,6 2365
99 100 20 2 14 7,6 7,2 869
99 125 20 25 14 7,6 7,6 1146
99 160 20 3,2 14 7,6 7,5 1460
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In these experiments, difference the transmission
coefficients counted on image brightness to the transmission
coefficients of obtained from the literature is 5%. Thus, the
introduction of an additional aluminum filter thickness of 4
mm makes it possible to estimate the transmission
coefficients based on image brightness without any
additional recalculations using the correction coefficient.

Conclusions. The article presents the results of
research the transmission coefficients of different
environments on the example of aluminum and water. It
was found that the transmission coefficient based on the
image brightness significantly differ from the transmission
coefficients converted at doses measured by the
apparatus. It can lead to incorrect image color-coding and,
respectively, distortion of the patient’s diagnosis. Accuracy
is 20...30%. It is unacceptable for use in medical practice.

Correction of the transmission coefficients may be
implemented as using correction coefficients and
hardware. Experimentally found that by adding an
aluminum filter thickness of 4 mm in the X-ray path, the

MipowHuyeHko H., kaHA. TexH. Hayk, MeneHeBcbka H., kaHA. TeXH. Hayk,
Kyniu E., kaHA. TexH. Hayk, AcnamoBa J1., KaHA. TeXH. Hayk,
MipowHuyeHko C., A-p TexH. HayK, npod., Xo6Ta 1., iHx.,
HaBuyanbHo-HayKoBUM LeHTp pagiauinHoi 6e3neku, disnyHui akynbTer,
KviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleBueHka
HaykoBo-Bupo6GHU4e 06'eaHaHHA "TeneonTuk"

difference does not exceed 5%. This corresponds to a
measurement error, and acceptable to the medical
practice. Adding extra filter leads to lower absorbed dose to
the patient, which also confirms the rationale use of
additional filters.
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AOCNIAKEHHSA KOE®ILIEHTIB NEPEAAYI NPU KOHYCHO-NPOMEHEBIN TOMOIPA®IL

Y pobomi docridxeHo KoegbiuieHmMU MporyckaHHs pPi3HUX cepedosuly Ha rpuknaodi antomiHito i 6o0u. 3'icosaHo, W0 KoeghiyieHmu nporycKaHHs, po3paxoeaHi 3a
sicKpasicmio 306paxkeHHs1 ma 3a do3amu, eiopisHsItombcsl. [Toka3aHo, WO KopeKuisi KoegbiuyieHmig rporyckaHHsl Moxe 6ymu 30ilicHeHa 3a A0rMoMO20k0 KopuaysanbHUX
KoegbiyieHmie i anapamHumu 3acobamu. EkcriepumeHmarnsHoO 3HaldeHo, wo rpu dodasaHHi 00 CKnady PEeHM2eHI8CbKo20 mpakmy artoMiHiego2o ¢hinbmpa eidrnosioHoi
8esuquUHU Po36iKHICMb KoedbiyieHmIg rMporycKaHHsI, PO3paxoeaHuX 3a sICKpagocmi 306paxeHHs i o 0o3am, 8UMIPSIHUX anaparmyporo, He3Ha4yHa.

Knroqoei cnnosa: momozpacpisi, kKoegbiujieHm rporyckaHHsi, B0OHUL ¢haHMOoM, peHmeeHozpacgbisi, KonipHe KoOy8aHHS 306paxeHs.
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EXPERIMENTAL 3D OBJECTS STEREO X-RAY MEASUREMENT

3D X-Ray images were formed with the help of stereo effect. Object geomtrical size measurement realised with the help of stereo
cursor formed on stereo image. For geometrical measurement stereo cursor must match the looked point of object in imagine volume
between operator and monitor's screen. The formulas for cursor coordinates in imagened volume was devided. Cursor coordinates
calculations based on known information about positions of X-ray tube and digital receptor. For error and effectiveness estimation
experimental recearch. It was chosen for experimental measurement we used tomosynthesis scheme when only X-Ray tube moves. For
X-ray imaging rectangular parallelepiped and anatomical was taking as test objects. Depth values and it's ratio errors was calculated.

Key words: 3D, X-Ray, stereo effect, anaglyph, geometrical measuring.

Introduction. Characteristic feature of modern X-Ray
is the transition from two-dimensional to three-dimensional
images. Such transition conditioned by higher diagnostic
value of three-dimensional images. In the USA for 12
years [6] from 1994 the number of computed tomography
examinations increased by 3 times. But on the other hand
this improvement leads to the growth of patient’s effective
dose, because three-dimensional images are obtained with

computed tomography. For example effective dose for one
chest computed tomography is approximately 8 mSv. At
the same time chest X-Ray is only 0,1 mSv [3], 80 times
less than similar computed tomography.

Modern new directions in a three-dimensional picture
generation are allowed to decrease X-Ray doses on a
patient, both in computed tomography and in
tomosynthesis. But all of them are based on obtained

© Miroshnichenko S., Volkov E., 2015
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large series of X-Ray projections. And three-dimensional
models of investigated objects are reconstructed from
these projections.

Alternative method for X-Ray three-dimensional images
is the stereo X-Ray imaging. For such stereo images only
two roentgenograms are needed. Three-dimensional image
is based on stereo effect and the image is formed in
operators mind [9]. That mean that for stereo three-
dimensional image 0,1 mSv effective dose is needed. 80
times less then similar computed tomography. But in such
stereo systems, there is no realized geometrical measuring
of investigated object.

All process consists of directly stereo imaging, when
separate images of the object under investigation are
taking with some parallax (Fig. 1) Such two images forming
result stereo pair [8]. Stereo mate is viewed by operator
with special eyeglasses. With the help of stereo eyeglasses
each of stereo pairs images is viewed only by a
corresponding eye. So they combined in the brain to give
the perception of 3D depth.

vYY

Stereo mate

A/

A ]

=

Separate images

444

Perception of 3D depth
Fig. 1. Stereo X-Ray image reception

Stereo X-Ray does not conflict with the computed
tomography systems and tomosynthesis, and can be an
additional operating mode of modern complexes.
Separate roentgenograms from such units (Fig. 2) are
formed in stereo mates [5] and their amount depends on
a solvable task.

X-Ray tube

Cone beam computed
tomography

Tomosynthesis

Fig. 2. Cone beam computed tomography
and tomosynthesis units rotation geometry

There are some differences in tube and detector’s
motion geometry. For cone beam computed tomography or
C-arm systems tube and detector rotates around the patient.
The difference between cone beam and multi-planar
tomography is the replacement of few detector rows by a full
size receptor in the form of a flat panel [1]. Stereo

radiography or tomosynthesis procedures can be also
realized due to full sized X-ray detector and cone beam
applying. In another word because there is no need to move
patient through the gantry and only one rotation of the gantry
is needed for image stack receiving. Another geometry type
— position of the object under investigation and digital
detector is fixed. Offset images of the stereo mates obtained
only by X-ray tube moving. Such geometry is used in chest
screening or mammography tomosynthesis [6].

Stereo X-ray allows extending possibilities of these
systems and minimizing effective patient’'s dose. Stereo X-
ray images can be obtained with smaller number of initial
images than required for cross section synthesizing. For
chest check stereo X-Ray effective dose is 0,1 mSv and for
computed tomography is 8 mSv [8], that is 80 times higher
then with stereo X-ray. Such 3D stereo mode allow
realization of diagnostic functions on earlier stages with
less radiation doses then during tomosynthesis, linear
tomography or cone beam computed tomography.

Experimental. To provide diagnostic value in addition
to construction of X-ray stereo images the implementation
of the geometric measurement of the object is required.

Such measurement can be realized with the help of
synthesized stereo cursor [3]. Its position in volume
between viewer and monitor's screen will correspond to
certain coordinates of the space between X-ray tube and
digital receptor. So when viewer will combine stereo cursor
on the 3D X-ray image with object details the real
coordinates of such details will be found. Based on such
several obtained coordinates the geometrical measurement
of the object is performed.

For experimental measurement we used tomosynthesis
scheme when only X-Ray tube moves. We will calculate Z
coordinate value of sought object’s point. The distance
between two positions (A and B) of X-ray sources is named
base line of stereo image (Fig. 3). Also distances AA' and
BB' are known, because it's the distance between X-ray
tube and digital receptor. Line m lies in plane of intensifier
screen of digital receptors. Let's take some point C of
observable object. Geometrical measuring of an object is
provided if coordinates of such few points can be found.
Point A" and B" are projections of point C at digital receptor
from X-ray sources, that are placed in points A and B. That
means that distances A'A" and B'B" are known. Because
coordinates of points A" and B" can be found from received
offset images. Position of point C can be found. Will build
line A"B. It goes through point B and parallel to the line
AA". Two equal triangles AAA'A" and ABB'A™ are obtained.
Fro this two equal triangles A'A"=B'B" . Will construct line
n through point C, which will be parallel to the line m. That
gave two similar triangles ABB"A™ and ABCC™. From this
two similar triangles BB'/BC"=A"B'/CC"™ and
BC"=BB'-C"B'. Because ABC™C is a parallelogram it will
be correct statement CC"™=AB. It wil be correct
A"B"=A'A"+B'B".

BB'  (A'A"+B'B")
BB'-C"B' AB

Because CC'=BC' depth coordinate value can be

found as

CC':ﬂ—B'C
A'A"+B'B"

So if over displayed X-ray stereo image the image of
stereo cursor will be formed, coordinates of such cursor will
correspond to similar point of object and placed between
digital receiver and X-ray sources.

Synthesized image of cursor creates with the same
technology, which used for X-ray stereo image. In such
system with fixed digital receptor and X-ray sources
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inaccuracy of geometrical object measurements will
defined by spatial resolution of digital receiver and
inaccuracy of distance measurement between X-ray
sources and receptor.

Three-dimensional cursor synthesis is based on
referred above expressions. But method effective
estimation without operators calling couldn’t be done. For
experimental measuring geometrical test object was
produced. Test object has the form of rectangular
parallelepiped. It was placed at 130 mm from digital
receptor. At the same time the depth of geometrical test
object is 238 mm. The distance between X-Ray tube and
digital receptor was equal to 2 m. All operators viewed
stereo image on the screen from distance in 60 cm. For
such viewed distance parallax of the object’s foreground is
equaled to 12 mm.

The depth of this geometrical test object was
measured. 15 operators were in experimental group.

X-Ray tube

o .

—

c c”

A | B’ _

Digital receptor

Fig. 3. Geometrical measuring based
on X-Ray stereo imaging

Each operator measured object’'s depth for 3 times in
two points of the test object. All operators saw 3D stereo
rectangular parallelepiped in front of monitor's screen. For
operators the dept of 3D stereo rectangular parallelepiped
in front of monitor’s screen was from 28 to 36 mm. That
means that if operators will watch test object formed with
stereoscopic effect from some distance object’s size will be
approximately the same for them.

For result estimation of measured value of the object’s
depth will use the value of confidence probability is equal to
95%. Test object’'s measured depth is

z=7+Az=237,8+4,3um,(P=0,95)
Ratio error for measured result is
£=E-1OO%=1,82%
z
For next experimental measuring we used anatomical
test-object. That simulate patient's thorax. Test object
consist of ribs, bones and X-Ray test pattern that are
based in container with paraffin (Fig. 4). Anatomic test

have more details than rectangular parallelepiped and all
they are with rounded lines without sharp edges. At the
same time there are various values of contrast on image of
such test object compared to the image of rectangular
parallelepiped.

The distances between test object and digital receptor,
digital receptor and X-Ray tube and between operator and
monitor's screen are the same as in experiment with
rectangular parallelepiped. Number of operators and
measuring order the same.

Fig. 4. Anatomical X-Ray test object

Measurement result of depth between two points of
anatomic test object is

z=z+Az=50,3+7,3mm,(P =0,95)

Ratio error for measured result is

s:%-100%=14,5%

For anatomic test object ratio error is much higher
because it's more complicated to position stereo cursor on
plain edge. But at the same time such measurement is
much precise than during common radiography.

The next stage of our research is approbation of
method jointly doctors and precision increasing of
anatomical structures measurement.

Conclusions. Stereo X-Ray imaging allows decreasing
patient’s X-Ray dose dozen times. But in such 3D systems
is no possibility of object’'s size measurements based on
imaginary image. Proposed common stereo cursor forming
model allows solving measurement sum in imaginary 3D
volume. For 3D stereo image parameters evaluation
resolution ratio, X-Ray contrast sensitivity and dynamic
range values are proposed.

General approach to the principal tomographic
systems constituent element moving permit to found
individual cursor forming models for cone beam computed
tomography, C-arms units, mammographic and linear
tomosynthesis. Despite the well known synthetic 3D
stereo effect in operator's mind information about
quantitative measurement based on such images is
lacking in the literature. This determinates necessity of
experimental researches.

As the result of experimental research obtained that
realized system don't worsen image quality parameters
compared to 2D images; geometrical measurements of
rectangular parallelepiped test object is 237,8 + 4,3 mm,
ratio error for measured results — 1,8%; analogous depth
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measurement for anatomic test object is 50,31 £ 7,3 mm,
ratio error — 14,5 %. We consider that such higher ratio error
for anatomic test object is conditioned by smoothness and
roundness of anatomical objects, organs and structures.

REFERENCE

1. Baba R. Using a flat-panel detector in high resolution cone beam CT
for dental imaging. / R. Baba, K. Ueba, M. Okabe // Dentomaxillofacial
radiology. — V. 33. — Tokyo. — 2004. — P. 285-290.

2. Bruevich P. N. Photogrametrya / P. N. Bruevich. — Moskwa: Nedra,

1990. — 285 p.
3. Hofer M. CT teaching manual / M. Hofer. — New York: Thieme,
2007. - 228 p.

4. Miroshnychenko S. |. Geometrical measuring at 3D stereoscopoc
radiography. / S. I. Miroshnychenko, A. A. Nevhasymyy, E. V. Volkov // 2013
IEEE  XXXIII International Scientific Conference Electronics and
nanotechnology, April 16—19, 2013, Kyiv, Ukraine: abstracts. — Kiyv. — 2013.
— P. 322-324.

MipowHuyeHko C., a-p TexH. Hayk, Bonkos €. acn.
Kadp. eneKTPOoHiku, iIHCTUTYT AepoHaBirauii
HauioHanbHui ABiauiiHui YHiBepcuteT

TOB "HBO Teneontuk"

5. Miroshnychenko S. I. 3D stereo algorithm for X-Ray units. / // /
S. I. Miroshnychenko, E.V.Volkov // 2014 IEEE XXXIIIV International
Scientific Conference Electronics and nanotechnology, April 15-18, 2014,
Kyiv, Ukraine: abstracts. — Kiyv. — 2014. — P. 128-130.

6. NCRP Report No. 160 "lonizing Radiation Exposure of the
Population of the United States". — Mode of access: WWW. URL:
www.ncrponline.org/2012/DAS_DDM2_Athens_4-2012.pdf. — Last access:
2015. — Title from the screen.

7. Prokop M. Spiral and multi-layer computed tomography / M. Prokop.,
M. Galansky. — New York: Thieme, 2003. — 1090 p.

8. Schiffman H. R. Sensation and perception: An integrated approach /
H. R. Schiffman. — New York: John Wiley & sons, 2001. — 608 p.

9. Valus N. A. Stereoscopya / N.A.Valus. — Moscwa: lzdatelsttvo
akademii nauk SSSR, 1962. — 373 p.

Submitted on 06.10.15

EKCNEPUMEHTAJIbHE CTEPEO PEHTTEHIBCbKE BUMIPHOBAHHA TPUBUMIPHUX OB’EKTIB

TpusumipHi peHmeeHigChKi 306paxeHHs1 6yrIo ompuMaHo i3 8UKOPUCMaHHAM cmepeoeghekmy. [eomempuyHe 8UMIpHOBaHHSI PO3Mipie 06'eKMy BUKOHYEMbCS 3a
AOroMO20t0 CMEPEOKYPCopy CGhoPMOBaHO20 Ha 306paxkeHHi. [11si 2e0Mempu4yHO20 8UMIPIO8aHHST HEOBXIOHO crisCmasumu Kypcop i3 WyKaHOK mMOYKor 06'eKmy & rpocmopi
MiX 0riepamopom i eKpaHOM MOHIMOpY. BUuKoHaHO po3paxyHOK Or1si 3HaxoOKeHHs1 KoopOuHam Kypcopy, Wo 6asyembcsi Ha 8iI0OMUX MOMIOXEHHSIX PEHMEEHIBCLKOI mpybKu i
demekmopa. [rsi ouiHKU siKocmi | egheKmu8HOCMI BUKOHaHO20 Po3paxyHKy 6yr1o nposedeHo ekcriepuMeHrmaribHe 0ocrioxeHHs:. [nsi nposedeHHs1 ekcriepuMermy 6yrio
obpaHo cxemy arapamy MOMOCUHME3y Mnpu sIKili MepeMIlUEeHHIO Midnseae mirbKu peHmaeHiecbka mpybka. B skocmi mecmosux 06’eKkmig UKOPUCMAaHO MPSAMOKYMHUU
rnaparnenenined | aHamomiyHi mecmosi 06’ekmu. Po3paxoeaHi 3HaYeHHST 2rTUBUHU MK 0BpaHUMU MOoYKamU | 3Ha4EHHs1 BIOHOCHUX MOXUBOK.

Knroqosi cnioea: mpusumipHuti, peHmeaeH, cmepeoeghekm, aHaarich, 2eoMempuyHe 8UMIPHO8aHHSI.

MupolwHuyeHko C., A-p TexHUY. Hayk, Bonkos E. acn.
Kad). INEeKTPOHUKMN, UHCTUTYT A3poHaBuraummn
HauunoHanbHbI ABMaLMOHHbIN YHUBEPCUTET

000 "HBO TeneonTuk"

9KCNEPUMEHTAJIbHOE CTEPEO PEHTTEHOBCKOE U3MEPEHME TPEXMEPHbIX OBbEKTOB

TpexmepHbie peHM2eHO8CKUE U30OpaxKeHUs Mosy4YeHO C rMpUMeHeHUeM cmepeoaghghekma. eomempuyeckue UMepeHus: pasmepos 0b6bekma 8bIrosHAemcs rnpu
MOMOLUU CMepeoKypcopa, cehopMUPOBaHHO20 Ha U3obpaxkeHuU. [r1si 2e0Mempu4ecKo20 usMepeHUsi He0bXoOUMO corocmasume Kypcop ¢ UCKOMOL moykol obbekma
rpocmpaHcmee Mexdy 0repamopoM U 3KpaHOM MOHUMOpa. BbironiHeHo pacdem Onsi Haxox)0eHUs KoopOuHam Kypcopa, 6a3upyrowulicsi Ha U38ECMHbIX MOMOXEHUSIX
peHmaeHosckoli mpybku u Oemekmopa. [ns oueHKU Kadecmea U 3¢hgheKmuHOCMU 6bINOTHEHHO20 pacdema rposedeHo KcrepuMeHmarisHoe uccriedosaHue. [ns
rposedeHust sKcriepuMeHma ebibpaHa cxema arinapama moMOCUHME3a, 8 KOIMOPOM repeMeleHuUro rnodnexum mosbko mpybka. B kayecrmee mecmoebix 06beKmos.
ucrionb3yem rnpsIMoY201TbHbIU naparnienenuned U aHamoMuYecKue mecmosble 06beKkmbl. PaccuumaHsl 3Ha4eHUs 2r1yO6uHb! MexX0y 8bIOpaHHBIMU MOYKaMU U 3HaYeHUs
OmHocumeribHbIX rogpewHocmell.

Krroyesble criosa: mpexmepHsit, peHmaeH, cmepeoaghghekm, aHaznugh, 2eoMempu4ecKue UMEPeHUs.
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Taras Shevchenko National University of Kyiv

ORGANIZATION OF SPACE AND GROUND SEGMENTS
OF THE TRANSMISSION SYSTEM INMARSAT BGAN

In this article we would like to summarize the available data on the organization of interaction of satellites with satellite administration
stations, location of arrangement of satellite administration stations and also coverage areas of the global bond. All conclusions in the
article are made on the basis of data that are freely available nowadays.

Key words: inmarsat bgan, space, ground, transmission system, global beam, wide beam.

Introduction. INMARSAT BGAN system is one of the
most perspective system of satellite transmission of
information, for example, according to its certain
parameters, it is better than the well-known Thuraya [2]
satellite communication system. Therefore, it seems
appropriate to analyze its basic characteristics in order to
obtain reliable information about the quality and reliability of
communications.

INMARSAT BGAN [1], [3] (Broadband Global Area
Network) is a global coverage broadband communications
network. It is Developed and maintained by the international
satellite company INMARSAT (International Maritime Satellite
Organization) (1979), provides for a broad range of
communications services such as telephony, data transfer
through TCP/IP traffic, general alert and hazards signals. Area

network coverage covers almost all surface of the Earth,
except for the Polar Regions, and according to the
announcement of the company covers 85% of the globe area.

Main market for BGAN is corporate users who require
remote connection with their fixed offices. However, at this
time, the market offers devices for personal use.

Space segment communications. BGAN network is
based on using the 3 satellites of the fourth generation,
designed specifically for the provision of such networks.
The satellites had been developed in the light of
experience and advanced technologies. Duration life cycle
of each of them is 10-15 years. BGAN Satellites provide
transmission of analogue and digital information in (L) and
(C) bands and are compatible with the satellites of the
previous generation.

© Pidenko S., Kurashov V., 2015
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Launch of the satellites to the orbit took place in
2005-2008. The satellites were put into positions close to
the positions of the previous generation INMARSAT
satellites. In 2008-2009, the orbits of the satellites have
been adjusted to new positions where they are now. At the
end of 2009, the company INMARSAT announced about
putting into operation the BGAN network and the
discontinuance of the previous generation R-BGAN network.

Power of each of the fourth generation satellites is 60
times the power of any of the predecessors; sensitivity of the
receivers is 25 times higher. Number of channels exceeds
the total number of channels of all five third-generation
satellites. 12 times higher efficiency of frequency resource
and in 16 times the number of channels.

The INMARSAT |4 satellite set provides the following
spatial characteristics of coverage:

= GLOBAL BEAM (GB) - which radiates in full
disclosure and covers one-third of the Earth's surface
(except for the polar regions, the maximum latitude of 76°);

= 19 wide beams — WIDE BEAM (WB) — that provide
compatibility with the satellites of the previous generation
to continue providing services Fleet F77 128 Kbps, Fleet
F55 & F33, Maritime Mini-M and others.;

= 228 NARROW BEAM (NB), has been designed
exclusively for high speed data network BGAN.

It should be noted that general use information
published by the INMARSAT Company about fourth
generation satellites is insufficient. At this time we did not
find open detailed information associated with definitions of
coverage areas. Do not know how switching between
areas and the implementation of procedures for the
transfer of control and maintenance (handover) is carried
out. Do not know the final purpose of the GLOBAL BEAMs
and WIDE BEAMs, organization of interaction between
NARROW BEAMSs. In addition unknown signal coverage
area of these satellites in C-band.

General technical and spatial characteristics of satellites
obtained from publicly available sources are given in Table 1.

Table 1
General technical and spatial characteristics of satellites
Characteristics INMARSAT 14-F1 INMARSAT 14-F2 INMARSAT 14-F3
Abbreviation APAC EMEA AMER
Orbital position 143.5° E 25°E 98° W
Launch Date March 2005 October 2005 February 2007
Term of exploitation 15 years
Satellite weight 3000 Kg
Battery size 45 m
Emission power 67 dbw
Width of the frequency band 126 MHz
Number of channel frequency (200 KHz) 630

The fact that these characteristics are not sufficient to
study the technical parameters of the network, it was
necessary to simulate some BGAN parameters and their
clarification.

It should be noted that the relatively high technical
characteristics of satellites allow to minimize the size of
Earth stations (terminals) and reduce power load of path.
These conditions, as well as the relatively low price of the
terminal are one of the reasons to create the competition

for systems developed earlier by other manufacturers and
expansion to the end user market.

To date, it is known that INMARSAT Company is
preparing to launch the fifth-generation satellites. Three
satellites Inmarsat-5, designed and manufactured by
Boeing. Launch to the orbit is planned for 2013-2014 from
Baikonur (Kazakhstan) by "PROTON" missile carrier. Fifth-
generation Satellites are designed to deploy a new global
Global Xpress communications network.

Table 2
Mathematically modeled and specified options
Characteristics INMARSAT [14-F1 INMARSAT 14-F2 INMARSAT 14-F3

Position in orbit 142.7° E 255°E 98.2° W
Instability in orbit on a latitude 5°(2.5° +-2.5) 45°(2.2°+-2.3) 6°c (3°--3°)
Angle aperture global beam (settlement) 17,4°
Aperture wide angle beam (settlement) =~1,4°
Angle aperture narrow beam ~0,6°
Minimum area cover a narrow beam ~2900 km
Minimum diameter cover a narrow beam ~850 km
The estimated diameter of the cover in C band ~4000 km

In view of the announced information it is hard to Ground segment organization. BGAN network

foresee the future plans regarding the use of the fourth-
generation satellites. There are several assumptions: the
most probable, constellation of the fourth generation
satellites will be the reconfigured and they will remain to
ensure support of the long-standing Inmarsat services
and the latest services such as BGAN and Global Xpress
will be shifted to the fifth-generation satellites.

ground segment consists of user and service components.
Service component is the ground control stations and
coordination center.
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Table 3

Service component

Object type The Iot(;lt'on of Coordinates Purpose
London 51.51° N Coordination of work of the entire BGAN network, ground control stations
Coordination Center . . o and coordination center as well as control of the satellites that are in
(United Kingdom) | 0.12° W . N . - R
orbit. Organization of maintenance, authentication and authorization.
station management Burum Square 53.28°N Main station management and monitoring in the European region. Manages
and control (SAS) (Holland) 6.21° E network which is organized in zone |-4F1 of the satellite coverage
station management Fucino (ltaly) 41, 99N Secondary control station and monitoring in the European region.
and control (SAS) y 13, 54 Provides operation in I-4F1 satellite and I-4F2 coverage zone
Station management Paumalu (Hawaii) 21, 66N Station management and monitoring in the Pacific region. Manages
and control (SAS) 158, 05W network which organized in I-4F3 satellite coverage zone
These positioning service components, ground = Absence of feeder lines between Euro-Asian and

segment of BGAN network, provide full overlay of the
zones serviced by satellites and provide the ability to
transfer information via satellites between regions.

According to advertising by INMARSAT Company,
transmission of the signal between the zones covered by
the satellites occurs through the management and control
station. Transmission of the signal between management
and control stations in the European zone is carried out
through high-speed fiber-optic communication lines. For
example, when ftransferring information between two
correspondents, one of which is located in the Eastern
Europe and another in America, the sequence is as
follows: User Terminal (Europe) — 14 F2 satellite — SAS
Burum — fiber optic — SAS Fucino — 14 F3 satellite —
user terminal (America).

Analyzing data on the position of fourth-generation
satellites in orbit and location of the ground control stations
(table 3) identified an asymmetry in the transfer of
information between ground stations (table 4), namely the
absence of feeder lines between European and other
regions. (Table 4)

Table 4
Control stations
_ 14-F1 14-F2 14-F3
Station
Az | BI | Az | BI | Az | EI
Burum 50,0 | -34,2 | 157,5 | 25,4 | 283,4 |-14,59
(Holland)
Fucino 61,9 | 36,2 | 163,7 | 38,7 | 3872 | -21.9
(Italy)
Paumalu 256,2 | 202 | 3517 | -72.2 | 90,9 | 20,9
(Hawaiian ost)

14-F2 satellite has two control stations — Burum and
Fucino (Grey color- visible satellite -table 4). At the same
time, the ground station Paumalu operates two satellites
14-F1 and 14 F3. This configuration of satellites and ground
control stations is not reported or commented by
INMARSAT Company.

Conclusions.

= Each satellite is connected through feeder lines with
ground control and monitoring center;

NipeHko C., ctya., KypawoB B., kaHA. di3-mat. Hayk,

Asia -Pacific regions as well as Euro-Asian and American
regions makes it impossible for a common, global,
coordinated network of BGAN with center point in London;

= Absence of these lines can be explained by the
additional earth station monitoring and control in the
Atlantic or in the Asian region (most probably on the
Indostan peninsula);

= Absence of explicit feeder lines, also may be due to
the use by INMARSAT, additional, Transcontinental
satellite links between SAS Paumalu and Burum and/or
Fucino. Probably data line does not belong to the company
and therefore INMARSAT don’t announce it;

= Absence of explicit feeder lines could indicate use of
INMARSAT Earth stations that were deployed under a legacy
network (INMARSAT C, INMARSAT M, R-BGAN, etc.)

Lack of feeder lines may indicate a transfer Center
coordination from London in the region of the Hawaiian
Islands (low-probability hypothesis).

Thus, we can conclude that the company Inmarsat
BGAN provides high-quality and stable connection almost
in any part of the world, except the polar regions
corresponding to the data, which the company introduced
regarding coverage system.
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KviBckui HauioHanbHuM yHiBepcuTeT imeHi Tapaca LLleBueHka

OPTAHI3ALIA KOCMIYHOIMO TA HASEMHOIO CEFMEHTIB NEPEAAYI IHOOPMALIII INMARSAT BGAN

B uiti pobomi mu cripobysanu nidcymysamu docmyriHi OaHi Wodo opeaHisauji 83aeMOOIi CyrymHUKi8 i3 CrmaHUisaMu yrpaeriHHs i KOHMPOITO, MiCUsi po3mallyeaHHs
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3Hax008MbCsl y 8irbHOMY docmyrii.
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KueBckuit HauMoHanbHbIW YHMBepcuTeT UMeHn Tapaca LLleB4yeHko

OPrAHU3ALUNA KOCMUYECKOIO N HASEMHOIo CEFMEHTOB NEPEAAYXA UHO®OPMALIUM INMARSAT BGAN

B amoti pabome MbI rornbsimanucs cymmuposams, 0oCmyrHbl OaHHbIe 10 opaaHu3ayuU 83aumo0elticmeusi CrlyMmHUKO8 CO CmaHUUsIMU yripasieHusi U KOHMpOJIs,
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OaHHbIX, KOmMOpble 8 HacmosAwee 8pemsi Haxo0simcsi 8 ce060OHOM docmyrie.

Knroqeenlie croea: inmarsat bgan, KocMu4ecKuli ceaMeHm, Ha3eMHbIU ce2MeHm, cucmems! rnepedaydu, 2rmobaribHbIl yY, WUPOKUU ITyH.
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BASIC RELATIONS FOR CONSTRUCTION OF ADAPTIVE SYSTEM
FOR LOW-FREQUENCY NOISE MEASUREMENT OF SEMICONDUCTOR DEVICES

Accuracy of flicker noise measurement is very important for reliability evaluation of semiconductor devices. To reduce measurement
time and improve accuracy investigators must take into account the properties of low-frequency noise. To achieve this aim, it is appropriate
to create an adaptive noise measurement system. Creating such measurement setup will contribute to the widespread use of noise

spectroscopy in manufacturing.

Key words: low-frequency noise, flicker noise, noise measurements, power spectral density, spectral exponent, corner frequency.

Introduction. Low-frequency (LF) noise (also: 1/f
noise, flicker noise, excess noise) of semiconductor
devices is important subject of investigations. It exists in all
types of semiconductor devices. Noise measurements are
needed not only in research but also in manufacture. In the
electronics LF noise is often used for reliability estimation
of semiconductor devices [12]. LF noise measurements are
also needed for creating low noise devices. For example in
[3] are given noise spectra of solar cells and they contain
flicker noise. LF noise can also be used as a test signal for
research. In this case, it becomes necessary to precise
meter built into the laboratory generator. Therefore noise
measurement accuracy is very important.

It should be noted, in practice the researcher has to
deal with a mixture of white noise (thermal and shot) and
LF noise. Its power spectral density (PSD) is

Gnm(f):fAV+GO, 1)

where A is some constant, f is the frequency, y is the
spectral exponent, G, is white noise level.

Spectral exponent is often used as an informative
parameter [2]. We reviewed publications in this field and
found that researchers usually use home-made
measurement setups. This shows that industrial measuring
systems satisfying the interests of the researchers are not
created. In [1] it is noted, that "...in the very low frequency
range of the spectrum commercially available
instrumentation does not allow to reach sufficient sensitivity
for many application". In article [1] block diagram of an
automated LF noise measurement system is provided. But
the article [1] is devoted to the fact that the instrumentation
itself contributes its own internal noise.

Although currently discrete Fourier transform (DFT) is
widely used for measure of PSD, some researchers prefer
to use the filter bank [2]. Others are engaged in research
the problem of optimum bandwidth of analyzing filter [11].
Researchers usually leave the question of error estimation
of LF noise parameters measurement without attention in
their papers. There may be mentioned paper [5]. But it
relates mainly to spectral analysis by DFT.

Method of noise exponent evaluation by three
points. There is method of exponent evaluation by three
points of spectrum. For calculate exponent we must
measure PSD on some frequencies [9]:

G1 _Gadd , (2)
Gadd - GZ
where G,,G, and G,,, are PSDs of LF noise on first,

m = log,

second and additional points respectively; k =/f,/f, .

These measurements of PSD are accompanied by some
random errors. In [9] expression for spectral exponent
inaccuracy estimation is derived. We transform it to

. JT o
! ln(ky)

add/f .
[ (1+8BS)] Ot

[ (add/fO) ] (1+k ) SGadd |

(1+3gs)

€= [1 + A(fadd/fo—)y < ] 02
(1+3gs)
and where 044,086,400 and g, are corresponding mean
squared errors of PSD measurement, dzg is bias error, f,
is frequency of
index

is corner frequency of LF noise, f,
additional measurement point and
= fadd/f1 = fz/fadd
The relative root mean square random errors of PSD
can be estimated by the expression [9]:

1
Og ~ 4
CTNT ALy )
where T is the duration of the integration, Af; is effective

filter bandwidth.
The relative systematic error (or bias error) of PSD can
be estimated by the expression:

2
Sag ~ Y(y2 A+r 1 [MTeffj , (5)

where f is the frequency of the measurement point.
From (5) it is evident that 8g5 can be influenced by the

choice of analysis filter bandwidth value. In the worst case
(y=3) it is sufficient f < 0.4, that the bias error was less

than 0.1. And in the case of dgg <« 1:

© Reschikoff S., 2015
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az(ky +(fadd/f0)y)'861 ;
b“(1+(fadd/fo)7)'(1+ky)'86ad";

¢ z(1+(fadd/f0)y ky)'éez .

But it is necessary to consider that the formula (5)
obtained by expanding in a Taylor series and may give
not trustworthiness estimation, when filter bandwidth is
quite wide [10].

The principles of adaptive noise measurements. It is
assumed that the averaging time is set. Influence of
systematic errors of PSD measurement is compensated
when relative analysis bandwidths are equal. A priori values
of spectral exponent and corner frequency are needed to set
the parameters of measurement. For example in case of the
junction gate field-effect transistor the frequency exponent
has the range 1<y <1.5. The corner frequency can range
from below 10 Hz to above 1 kHz [6]. We can take the
arithmetic mean as a priori. Let us build a graph for the

expression (3) with y=138;s=0.1 and 8,3, .56,

calculated on base: corner frequency is 1000 Hz, relative
analysis bandwidth is 0.25, averaging time is 1 s. We can
see that there is optimum value of k (Fig. 1).

oy, %
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!
30 2 / d
) .
1 .
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10 ‘-h__----_--"
04 10 100 1000
——fadd/f0=0.2 *** fadd/f0=1 = = fadd/f0=5
k

Fig. 1. Dependence of relative error on value of index k

Obviously, there is optimum ratio of additional and
corner frequencies (Fig.2).
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Fig. 2. Dependence of relative error
on ratio of additional and corner frequencies

Increasing the error with decreasing ratio of the
frequencies is associated with an increase in measurement
errors PSD (with the same averaging time). If the
measurement error of PSD remained constant, the error in
the determination of y with a decrease in ratio of the
frequencies would only decrease.

To determine the optimum values of k and f,,,/f, itis

necessary to differentiate (3). From Fig. 1 and Fig. 2 it is
obvious that the minimum points of functions &, (k) and

8, (f.qa /o) Wwill have the same abscissa as the minimum

points of functions &2(k) and 8(f,,,/f,) respectively. A
preliminary squaring the expression (3) can simplify
differentiation. Differentiating (3), one can form a system of
two equations. And then we may determine the optimal
values of f,4,/f, and k. Graphical solution of the problem

of determining the optimum parameters can be seen in
Fig.3. It is surface plot for values of function of two variables

&,(fadd/fo, k) . The optimum parameters are the coordinates

of the vertex of the surface. The surface of the function is
built for the case: y=1.5; 85 =0.1, and dgy, 56, O

2
calculated on base: corner frequency is 100 Hz, relative
analysis bandwidth is 0.25, averaging time is 2 s.

fadd /f0

Fig.3. Surface plot of spectral exponent inaccuracy

From (3) it is clear, that the optimum values of k and
f.qa/fy may depend on the 8z and y. Thus, it can be

assumed that the table of optimal values k and f,,,/f, for
any y can be made in advance.

Conclusion. The system can evaluate the difference
between the real and a priori parameters of LF noise during
measurement and make a decision on retuning filters.
Although numerical simulation shows that the retuning of
filters for adapting to a different value of vy is usually

impractical. This is due to the fact that when retuning the
filters (in the middle of the measurement time) is lost time
that could be spent on the average at nonoptimal points
(without retuning).

But it is known that DFT could be represented as result
of processing by filters with different bandwidths by means of
frequency averaging [7]. So, this algorithm is especially
useful when using spectral analysis by DFT, because we
may change k and f,,,/f, for the same measurement.

Moreover, the application of DFT gives other possibilities [8].

The paper [4] confirmed that the creation of an
automated noise measurement system is an actual
problem. But described in [4] measurement system is
not adaptive.
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Relations considered in the article allow us to estimate
the measurement error of the LF noise parameters, and to
find the optimum measurement conditions. Creating a
measurement setup based on these principles, will greatly
improve the accuracy of noise measurements.
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OCHOBHI CNIBBIAHOLUEHHSA A1 CTBOPEHHS AQANTUBHOI CUCTEMMN
Aana BUMIPFOBAHHA HU3bKOYACTOTHOIO LUYMY HANIBNPOBIAHUKOBUX NPUNTAAIB

TouHicmb euMiptosaHHs ¢hrikep-wymy Oyxe 8axiiuea Or1s1 OUiHKU HalditiHocmi HaniernposioHuKosux rpurnadis. LLjob 3vMeHwUMU Yac 8uMiprogaHHs ma niosuwumu
moyHicmb OOCIIOHUKU MOBUHHI 8paxosysamu 8r1acmueocmi HU3bKoYacmomHoeo wymy. [ns OocsieHeHHs uiei memu OouinbHO cmeopumu adanmueHy cucmemy
8uMiptosaHHs wymMy. CmeopeHHs1 makoi 8UMIpto8asibHOI ycmaHoeKu 6yde Cripusimu WUpOKOMY 8UKOPUCMaHHHO WYMOBOI CrieKmpoCKoril' y 8UPOBHUUMEI.

Kmro4oei cnoea: Hu3bko4acmomHul wym, ¢rikep-wym, WymMosi UMIPIOBaHHS, CriekmparbHa WirbHicmb Momy>XXHOCMI, MOKa3HUK Criekmpa, Yacmoma rnepeauHy.

Pe3uukoB C., acn.,
PapgnoTtexHuyeckunin pakynbTer,
YnbAHOBCKUIA rocyAapCcTBEHHbIW TEXHUYECKUIA YHUBEpCUTET

OCHOBHbIE COOTHOLUEHUS ANA CO3AAHUA AJANTUBHO CUCTEMbI
Ana U3SMEPEHNA HU3KOYACTOTHOINO LUYMA NOJs1YNPOBOAHUKOBbIX MPUBOPOB
TouHocmb u3MepeHUs1 GhIIUKKep-WyMa OYEHb 8aHa O/l OUEHKU HadexHOCmu r1omynpo8oOHUKO8bIX Mpubopos. Ymobbl yMeHbwUmb epemMsi U3MepeHuUs: u

r1oebICUMb MoYyHocmb uccriedosameru OO/MKHbI y4UMbI8amb ceolicmea HuskoYacmomHozo wyma. [ns docmuxeHuss amou uernu uyenecoobpasHo cosdamb
adanmusHyto cucmemy u3amepeHuss wyma. CosdaHue makol u3mepumeribHoU ycmaHosku 6y0em criocobcmeosams WUPOKOMY UCIMOMb308aHUKD  WyMO80U

CreKmpocKonuu & rpouseodcmee.

Knroyeeble criosa: Hu3ko4acmomHbil wym, dJﬂUKKep-LUyM, wymosble U3MepeHUs, creKkmparsibHas [17I0mMHOCMb MOWHOCMU, [1oKa3ameJsib Ccriekmpa,

yacmoma nepeauba.
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THE DEEPER INVESTIGATION OF SUBSURFACE INHOMOGENEITIES
OF DIELECTRIC OBJECTS BY CONTROLLING THE LOCAL FIELD DIAGRAM OF THE PROBE
OF A NEAR-FIELD MICROWAVE MICROSCOPE

In this paper we propose a new method for controlling the local field diagram of the probe of near-field microwave microscope during
the scanning. This can be achieved by implementing the mechanism for changing the length of the probe needle during the scanning. We
have shown experimentally that this method can be effective for obtaining images of a sample at different depths. The method allows
recognizing the images of at least two delimited layers of a dielectric sample. We have shown the possibility of the investigation of internal

inhomogeneities of dielectric medium without using complex algorithms to solve the incorrect inverse problems.

Key words: near-field microwave microscopy, local field, near-field microwave introscopy.

Introduction. At the present, the study of radio-
physical methods for the remotely sensing of subsurface
medium is a relevant and promising direction. A special
place is occupied by the scanning near-field microscopy in
optical and microwave ranges [7]. In the microwave range,
the fundamental studies of local fields of electrodynamic
systems awaken the keen interest. A local field, in contrast
to a reactive near field, depends on the radius of the curve
of the probe needle tip, on the geometry of the probe, and
has a gradient character of the field distribution. The quasi-
static approximation is applicable to this field in numerical

calculations. Scanning near-field microwave microscopy
has future trends of the application not only for the
investigation of the surface distribution of inhomogeneities
in dielectric and semiconductor samples, but also for the
volume distribution of these inhomogeneities [6, 5, 8, 4, 3].
In other words, the matter concerns the near-field
microwave introscopy or tomography.

To implement the method of near-field microwave
introscopy, it is necessary to carry out a series of scans
for a single sample, using different types of probes at
different distances from a sample [3, 1]. Then, you need

© Sidorenko V., Semenets Yu., Skripka S., Gorovenko M., Kravchuk P., 2015
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to solve the incorrect inverse problem which has not
always a satisfactory solution and requires a lot of
computer time for calculations.

The aim is to find the simple and effective methods for
subsurface investigations of medium without having recourse
to complex mathematical calculations. These methods
should be of practical value for a wide range of tasks.

It is supposed that by controlling the diagram of probe
element local field of the near-field microwave microscope
we obtain the effective methods to investigate subsurface
layer of a dielectric sample. The first and most logical
solution was the use of different types of probe needles [3, 1,
2]. These needles have different local field diagrams. As a
result, it is possible to obtain a set of different images. This
allows us to get more information about the object: the slope
of the crack, the shape and the depth of the defect, etc.

Experimental. In this paper, we have proposed the
method for controlling the local field diagram of the probe
which allows changing the effective depth of scanning a
dielectric layer.

The idea is to control the local field diagram without
changing the type of a probe needle. This can be achieved
by implementing the mechanism for changing the length of
the needle during scanning. In that case, the change of the
length of the needle must be performed before the return of
the probe needle to the starting point of scanning, that is,
before the rescan of the surface area of a sample.

Shortening of the probe needle reduces the effective
thickness of the dielectric layer, where the main part of the
energy of the local field is concentrated. Thus, we can
focus on the upper dielectric layer which has a thickness
less than the effective depth of the scanning. Focusing on
the lower layer can be implemented in software, after
separating the image of the upper dielectric layer.

As shown in Fig. 1, with shortening the probe needle
the microscope sensitivity decreases. Consequently, the
noise will be visible in the picture. This is due to the parallel
capacitance between the probe needle and the resonator
body. Fig.2. shows the dependence of the resonator
frequency on the time. The frequency measurement was
performed at rest. The experimental curve shows that the
level of the wanted signal must be above 10 kHz. This is
the first disadvantage of this approach which puts a
restriction on the minimum length of the needle. To increase
the sensitivity, and hence to remove this restriction, it is
necessary to reduce the parallel capacitance. When
increasing the length of the needle, starting from a certain
value, the sensitivity is not increased. This is due to the
losses of field energy by radiation.

6000 ' AF(kHz)
5000

Fo =2104513 Fo =2074230

0

4000 £ 5168194
3000
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1000 +F, 2205715

0 015 1.25 2.35 3.45
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Fig. 1. The sensitivity (AF) of the microscope vs.

The length L of the probe needle. The dielectric permittivity
of a homogeneous sample € 2.3. F, (kHz) — the frequency
of the resonator without contact of the probe
with the sample surface
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Fig. 2. The drift of resonator frequency was measured
at rest. The readout of the frequency has 1s interval

For this experiment, two test samples of polymeric
materials, with a dielectric permittivity in the range of 2-2.6,
were taken. When scanning, the probe needle length was
varied from 0.15 to 3.5 mm. Signal levels of resulting
images were aligned on the perturbations of the upper
layer. The comparison was made in relative units.

Fig. 3 shows the profile of images for the first sample. A
strip in the layer A, 65 um thick with €=1, is located at the
depth of 30 um. A strip in the layer B is located at the depth
of 190 ym. We can see how the intensity of the layer B
image is increasing in comparison with the intensity of the
layer A image when the needle is lengthened. The ratio of
the width of strips is =5.

1.2 |Au. B A
.

0.8 |

06 |

04 7

0.2 |

0 0 20 40 60 80 100 120 140 160 180
Moving distance (*75um)
Fig. 3. The image profile of the distribution
of dielectric inhomogeneity of a sample, composed
of two layers. The dielectric permittivity € of the sample
is 2.3, of strips — =1. The distance between the layers
is 95um. The thickness of the layers — 65um.
L — the length of probe needle

In Fig. 4 the result of the investigation of the second
sample is shown. The layer B is located at the depth of
220um. The layer A — 30pum. The ratio of the width of the
strips is =3. It is seen that for L> 2.3mm, the change of the
ratio between the intensities of the layers is minor.

For comparison, we present profiles of previously
obtained images of the sample in Fig. 4. This sample
consists of two layers of polymeric material (€ =2.3). In
each layer a notch in the form of strips of equal width is
made. The scanning was performed at different heights
above the sample surface. The length of the needle was
not changed.

The diameter of the hole in the resonator is constant
and is equal to 1 mm. The diameter of the probe needle is
0.7-0.8mm. The radius of the curve of the needle tip =15 mm.

As can be seen from Fig. 3 and Fig. 4, a diagram of the
local field varies strongly enough to enable focusing on the
upper dielectric layer. The scanning at different heights
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above the sample surface does not offer visible advantage
because the ratio of the intensities of the two layers does
not change in fact.

12 A A
...... L=0,15 mm
---L=1.25 mm

0.8 | —L=2.35mm
---L=3.45 mm

0.6

0.4
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0 o 20 40 60 80 100 120 140
Moving distance (*55um)

Fig. 4. The image profile of the distribution
of dielectric inhomogeneity of a sample composed of two
layers. The dielectric permittivity € of the sample is =2.3,
of strips — =1. The distance between the layers is 125pm.
The thickness of the layers — 65um. L — the length
of probe needle

0 20 40 60 80 100 120
Moving distance (*75um)

Fig. 5. The image profile of the distribution of dielectric
inhomogeneity of a sample, composed of two layers.
The dielectric permittivity € of the sample is 2.3,
of strips — =1. Z is a distance between the probe needle tip
and the sample surface. The length of the needle is constant

For visual proof, we performed the scanning of the
third sample made from the same material. For the first
and the second scanning the minimum and maximum
length of the probe needle were chosen. The strip of the
layer A is 75 ym thick and is located at a depth of 40 ym.
The strip of the layer B is 250 pm thick, and is located at
a depth of 190 pm.

As shown in Fig. 6 the effective depth of the scanning
significantly increases when the needle has a maximum
length. The image of the upper layer is unchanged. The
noise level becomes noticeable for the image Fig. 6. a),
when the length of the needle is minimal. The image of the
lower layer is easily visible only in the case of a maximum
length of the needle.

Conclusions. Thus, by implementing the mechanism
of changes in the length of the probe needle, we can get a
set of several images of the sample surface during a single
scan, which will be useful for the investigation of
subsurface in homogeneities at different depths.

It was experimentally demonstrated, on several
samples, the advantage of the proposed method in
comparison with those known before, such as: the
scanning at different heights above the surface of a
sample, the use of different types of probe needles.
Based upon these experimental results, we can conclude
that this method of the scanning is quite effective to

obtain images of the distribution of in homogeneities in at
least two layers of a sample. We have an opportunity to
get a sufficiently simple and effective way to investigate
the internal in homogeneities of a sample. These results
will be wvalid for all scales where the classical
electrodynamics is applicable. The principal possibility to
investigate the internal in homogeneities by the methods
of near-field microscopy without complex mathematical

calculations has been shown.
“ !
|
Fig. 6. The images of a dielectric sample with =2
were obtained after the scanning of the surface area of the
sample by near-field microwave microscope with an active

probe. Dielectric permittivity € of the inhomogeneity =1.
The length of the needle: a) L = 0.15 mm; b) L = 3,45mm.

As would be expected, the task of near-field
tomography or introscopy is achieved only through the
control of the diagram of local field. Another approach,
such as the change of the position of a probe needle tip
above the sample surface, is very doubtful from a
practical point of view.
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CupopeHko B., CemeHeub H0., Ckpunka C., lopoBeHko M., KpaBuyk M.
kadp. KBaHTOBOI paaiodianku, pakynbTeT paaiodismkmn, eNeKTPoHikM Ta KOMN’ KOTEPHUX CUCTEM
KuiBckui HauioHanbHuM yHiBepcuTeT imeHi Tapaca LLleByeHka

3BI/IbLUEHHSA MMUBUHU CKAHYBAHHS NIANOBEPXHEBUX HEOQHOPIAHOCTEMN
AIENEKTPUYHUX OB’EKTIB LLUJIAXOM KEPYBAHHSA AIAPAMOLIO JIOKAJIbHOIO MNOJiA 30HAA
BJINXXHbOMOJIbOBOIO MIKPOXBWJ/IbOBOI'O MIKPOCKOIMA

Y emammi 3arporioHogsaHo Hosuli Memod, sikuli 00380r1sie Kepysamu OiagpaMolo J10KarbHO20 105151 30H0a BUKHBOMOTLOB020 MIKPOX8UITO8020 MIKPOCKOIY 8
npoueci ckaHysaHHs. LIbo2o MoxHa Aocsizmu, pearnidysasuiu MexaHiam 3MiHU O08XUHU 2071KU 30H0a nid Yyac ckaHysaHHs. ExcriepumeHmaribHO rokasaHo, wo OaHul
Memo0 mMoxe 6ymu echekmueHUM Orisi OmpUMaHHsT 306paxeHb po3nodiny OierteKmpuYHoOi HEOOHOPIOHOCMI 3paska Ha pi3HUX enubuHax. BiH do3eonsie poanisHamu
306paxeHHsT rpuHaliMHi 080X po3mMexosaHUX wapie Oieriekmpuka. Mu nokasanu MoXnusicmb OOCHIOXeHHS] 8HYMPIWHIX HEeoOHopiOHocmel dieneKmpu4YHoO20
cepedosulya, He 80arHUCh 00 CKIaOHUX areopummia po3e'si3aHHs 06EepPHEHUX HEKOPEKMHUX 3a0ad.

Kmroyoei crioea: 6r1uxHbO0M0L08a MIKPOX8UITL08a MIKDOCKOIST, SToKarlbHe r1os1e, 6rILKHBOMOML08a MIKPOX8Ulb08a iHMPOCKOMIS.

CupopeHko B., CemeHeub 0., Ckpunka C., lopoBeHko M., KpaBuyk .
kad. kBaHTOBOM paanodunsnku, dakynbTeT paanodusnkm, INEeKTPOHMKNA U KOMMbIOTEPHbLIX CUCTEM
KneBckuin HaumoHanbHbIN yHUBepcutTeT uMeHn Tapaca LLleB4yeHko

YBEJINYEHWE INYBUHbI UCCNEAOBAHUSA NOANOBEPXHOCTHbBIX HEOAHOPOAHOCTEN
AWSNIEKTPUYECKUX OBBEKTOB NMYTEM YNPABJIEHUAA ANATPAMMOM JIOKAJIbHOIO NoJiA 30HAA
BJIMXKHENOJIEBOIO MMKPOBOJIHOBOIO MUKPOCKOINA

B cmambe npednoxeH Hoebili Memod, rmo3sonsouwull yrpaensames duazpaMMOU JTIOKarIbHO20 107 30HO0a OUXKHENoIee020 MUKPOBOTHOBO20 MUKPOCKOMa 8
rpouecce ckaHUpos8aHUs. IMo20 MOXHO 00CMUYb, peariu3o8as MexaHU3M UMEHeHUs1 OnuHb U20/TKU 30HOa 80 8peMsi CKaHUpOBaHUsi. JKCepUMEHMaIbHO rMoKasaHo,
4mo OaHHbIU Memod mMoxem Obimb 3¢hheKmuHbIM Orisi MOMy4YeHUsT u3obpaxeHul pacripederneHusi duaniekmpuyeckol HeOOHOPOOHOCMU obpa3ua Ha pPasuyHbIX
anybuHax. OH r1o3gonsem pacriosHams U306paxeHusi o KpatiHel mepe 08yX pa3epaHU4eHHbIX crioée duanekmpuka. Mbi rokasanu 803MOXHOCMb uccriedosaHust
8HYMPEHHUX HEOOHOPOOHOCMeU Auanekmpuyeckol cpelbl, He rpubeaasi K CIIOXHbLIM anzopummam peuweHuss 0bpamHbIX HEKOPPEKMHbIX 3adad.

Kntouesble criosa: brixxHeroneeas MUKPOBOTHO8as1 MUKPOCKONUS, /TOKalibHOE r1osie, BriLXHernonesas MUKpO8osIHO8ast UHMPOCKOMUS.
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NOVEL FUNCTIONALITY OF JOSEPHSON JUNCTIONS
WITH RESONANCE-PERCOLATING CHARGE TRANSPORT

The new type of Josephson junctions with a resonance-percolation charge transport have been fabricated and investigated. Measured
I-V curves of these junctions demonstrate that the well-known characteristic parameter of these junctions (named the IcRy product) has
record values. By using an atomic force microscope we have investigated a relief of the every layer of the fabricated Josephson junction, as
a result it has been demonstrated a possibility to observe a formation of the cluster structure of tungsten in silicon layer in the Josephson
junction barrier on nanosized level.

Key words: Josephson junction, Andreev reflection, resonance-percolation charge transport, atomic force microscope, semiconductor,

metal clusters

Introduction. The direct tunneling process through an
S-I-S junction (here S is a superconductor, | is a tunnel
barrier, as a result Andreev reflections are negligibly
small in the S-I interfaces) depends on electron spectrum
and on distribution of electron excitations in the
electrodes, while charge transport through the Andreev
bound state (BS) resonance levels carry Josephson
superconducting current across an S-N-S junction [2].
The case of novel type Josephson heterostrucrure [1] like
as superconductor — doped semiconductor —
superconductor is perspective taking in account a
possibility of realization in it of the both cases of tunneling
(the resonant and well known direct) in dependence on
the dopant (for example, W) concentration value. It
means there is here a possibility of realization of the
resonant tunneling process through multiple electron
(hole) states localized in the dopant clusters inserted in
the barrier (for example, in a doped semiconductor). And
on the other hand it is interesting to do experimental
investigation (by atomic force microscope (AFM) and
other techniques) of these semiconductor barriers with
the dopant clusters inserted in its.

Experiment. Among different  low-temperature
superconductors MoRe compounds are known to have
relatively high critical temperatures T; up to 12 K, high
hardness and mechanical strength. Due to these factors,
this material is very opportune for hybrid superconducting
heterostructures. 100 nm thick MoRe films with 45 % Re
(their T. was about 10 K) were deposited onto dielectric
substrates at ambient temperatures by using dc magnetron
sputtering technique in a vacuum chamber with argon at
1 Pa. W:Si barrier interlayers as well as Nb:Si films offer
two degrees of freedom to adjust the junction parameters:
the barrier thickness d and the tungsten content Cw. To
form Si tunnel barriers with nanoscale W dopants, we used
a target which consists of a pure Si wafer and a number of
tungsten wires. The tungsten concentration Cw in the
mixture was changed from 0 to 10 at %. A schematic view
of the fabricated junctions is given in fig. 1.

Current-voltage characteristics (I-V curves) of the
fabricated tunnel junctions and Josephson junctions have
been measured at various temperatures. The deposited
multilayers such as Si(W) layer on the substrate (a
polycrystalline Al,O3) and MoRe layer on the Si(W) one
have been investigated experimentally by AFM.

© Shaternik V., Shapovalov A., Suvorov O., Belogolovskii M., Prokopenko O., Pustovoit M., 2015
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Fig. 1. Schematic view
of the fabricated MoRe-Si(W)-MoRe junction

Results. MoRe-Si(W)-MoRe junctions (at small
tungsten concentration Cy~4at%.) demonstrate existence
in them the tunneling effect [5] (see curves 1, 2 in the
fig. 2 a) at bias voltages close to en energy of the impurity
level [3] formed by the tungsten cluster in a silicon barrier.

mA
2 _
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1 1 [ -
0
1 4 |
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Fig. 2. a) I-V curves of the tunnel junctions :

1 - silicon barrier without tungsten, 2 — silicon barrier
with the small tungsten concentration cw ~4at% and barrier
thicknesses d =12 nm. b) Typical non-hysteretic I-V curve
of MoRe - Si :W (cw= 8.0 at.%) — MoRe Josephson junction
with Si :W barrier thicknesses d=12 nm, T=4.2 K

But at the high relatively concentration values
(cw ~6-9 at%) MoRe-Si(W)-MoRe junctions demonstrate a
Josephson superconducting current appearance [4] (see
fig. 2, b). Usually, the differential resistance values (in
linear region of their quasiparticle 1-V curves) of these
junctions are higher enough (10-100 times) in comparison
with the differential resistance values of the Josephson
tunnel junctions with the well-known direct tunneling and
having the same values of the Josephson critical current.
So, it means (see fig. 2, b) the fabricated junctions have
large enough values (up to 10-30 mV) of the well-known
parameter named IcRn product (Josephson critical current
Ic multiplied by Ry — resistance of the junction in normal
state). Now it's not so clear a reason of this phenomena
but it seems very attractive and perspective. It's important
and interesting that the high voltage asymptotes of the
quasiparticle 1-V curves of the fabricated junctions do not
cross the origin of coordinates (see fig. 2, b), it means they
are not described by Ohm low in the high voltage region,
and it means that through these junctions the sufficient
excess quasiparticle currents lexc. flow (the asymptotes of
the quasiparticle |-V are parallel to the Ohm low curves for
the junctions in the normal state and here are shifted (up or
down) by the excess current lgxc), one can see in fig. 2, b
the lexc = 4.9 mA.

To investigate experimentally the silicon layers Si(W)
with tungsten clusters in them (cw= 4.0 at.%) we have
measured (by using Atomic Force Microscope) a relief of
the deposited multilayers (AFM is in non contact mode of it
operation): i) Si(W) layer deposited on the substrate (a
polycrystalline Al;O3) and ii) (for a comparison) the MoRe
layer deposited on the Si(W) layer ( see fig. 3).

There are two basic modes of dynamic operation of
AFM: amplitude modulation (AM) mode and frequency
modulation (FM) mode. Depending on the mode of
operation, the AFM uses Fis or some entity derived from Fis
as the imaging signal (if Vis is a potential energy between
the tip and sample, usually, a z component of the tip-
sample force:

oV,
Fa=—"7 (1)

Fis has long-and short-range contributions. In vacuum,
there are short range chemical forces (fractions of nm) and
van der Waals, electrostatic and magnetic forces with a
long range up to 100 nm (Fis~ 1/2° (Baym 1969)).
Assuming additivity and disregarding the discrete nature of
matter by replacing the sum over individual atoms by an
integration over a volume with a fixed number density of
atoms, the van der Waals interaction between macroscopic
bodies can be calculated ("Hamaker (1937) approach").
This approach does not account for retardation effects due
to the finite speed of light and is therefore only appropriate
for distances up to several hundred angstroms. For a
spherical tip with radius R next to a flat surface (z is the
distance between the plane connecting the centers of the
surface atoms and the center of the closest tip atom) the
van der Waals potential is given by Israelachvili (1991):

Vav = _AH%Z )

The van der Waals force for spherical tips is thus
proportional to 1/2%, while for pyramidal and conical tips, a
1/z-force law holds (Giessibl, 1997). The "Hamaker
constant" Ay depends on the type of materials (atomic
polarizability and density) of the tip and sample. For the
most solids and interactions across vacuum, Ay is of the
order of 1 eV. For a list of Ay for various materials, see
French (2000); Krupp (1967). The van der Waals
interaction can be quite large — the typical radius of an
etched metal tip is 100 nm and with z = 0.5 nm, the
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van der Waals energy is = -30 eV, and the corresponding
force is = —10 nN. Because of their magnitude, van der
Waals forces are a major disturbance in force microscopy.

-203 nm

-134 nm

a)

-186 nm

-318 nm

b)

Fig. 3. The measured images of reliefs of the deposited
multilayers (for their surface van der Waals forces):
a), b)- the Si(W) layer (cw= 4.0 at.%) deposited on the substrate
(a polycrystalline Al,03). a) a surface view, b) 3-D image

One can see (the most clear in the fig. 3 a),b)) a large
number of the uniformly distributed "balls" (with diameters
close to 100 nm) which are inserted in the silicon layer
surface, these "balls" have height close 20-40 nm and
formed a number of separate channels. So, it seems we
see some spatial images of the mentioned above tungsten
clusters inserted in the silicon layer and these images like
balls. As it's mentioned above the AFM feels Van der
Waals forces of the atomic clusters, so as a result we see
(by AFM) enlarged images of the real tungsten clusters
(inserted in the silicon), and we think the real cluster
diameter is close 3-10 nm.

Discussion. To interpret the obtained current-voltage
characteristics (at various tungsten concentrations) we
propose a model of a resonant percolation charge transport
in the investigated junctions. According to [3] impurity atom
(cluster) insertion in the barriers results in an appearance of
a localization of the charges in them, and the calculated
in [3] |-V curves for this case are very similar to our curve
2 in the fig. 2 a). If concentration of the impurities in the
barrier is increasing a quantum percolation resonant
transport mode becomes possible (such idea has been
proposed in [5] firstly). So, in our work experimentally there
is realized the effect of the electron resonant tunneling
through a number of their states which are localized in the
tungsten clusters inserted in the silicon layers in the
junctions. If the tungsten concentration become higher some
threshold value and as a results after achieving a some
percolation threshold the superconducting Josephson
currents appear in the fabricated junctions (see fig. 2 b)).

. =170nm

-304 nm

a)

* -135nm

-307 nm

b)

Fig. 4. a), b) MoRe layer deposited on the mentioned above
(Fig. 3 a), b)) Si(W) layer. a) a surface view, b) 3D image

Metallic dopants in Si represent the ultimate limit of a
quantum dot where the space confinement is given by its
three-dimensional Coulomb potential with the charging
energy AE which leads to the Coulomb blockade effect. The
observed a strong suppression around zero voltage bias and
the sharp rise in current above certain voltages Vi, (note that
it is almost vertical in the curve 2) can be ascribed to the fact
that in these cases Vi, exceeds the charging value of e/2C.
We can check this assumption by estimating the charging
energy of a nanoscale W cluster with a radius R~1 nm. Its
capacitance C~¢R with €¢=12 for Si, determines the
threshold voltage value Vi~ €?/(2 €R)=60 meV which
agrees well with the measured data (fig. 2 b, curve 2).
Other version of the possible (in our case) Coulomb
blockade behavior does appear on the base of analysis of
the observed cluster image pictures (see fig. 3 a), b)). If we
see here a number of the regular cluster series we can
propose the existence of the blockade in a some number of
the clusters in series, for example, not one but three
clusters with Vi, =20 meV have joint threshold voltage
Vinz = 3*Vin = 60 meV. One can see this estimation of the
cluster diameter (~3—10 nm) is in agreement with the
results of AFM measurements given above.

If the dopant concentration increases further, we can
expect the emergence of metallic nanoclusters with energy
spacing one to two orders of magnitude smaller than those
of single-atom dopants and, as a result, the formation of a
strongly inhomogeneous set of charge traps within the
dielectric material with localized energies E.

Transparency D(E) of the chain of localized states [2,3] is

1
PE=17 (E-Ey)?/T? )

I is the half-width of the localized level.
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2

resonance-percolation
trajectory

Fig. 5. Schematic view of a resonance-percolation trajectory

At relatively high concentrations (cw ~ 6-9 at. %) of
tungsten in the silicon barriers an existence of a resonant
tunneling effect is observed (if percolation limit is
overcome) through localized levels of scattering centers
(W atoms) (see fig.5). Simultaneously, at some
conditions in these junctions a superconducting
Josephson current appears on the base of the percolation
resonant tunneling (see fig. 2 b)).

The aim of the work is to use the effect of resonance-
percolation trajectories in order to find a barrier
composition which would allow a relatively simple
fabrication process, performances comparable to currently
used state-of-the-art junctions, and the possibility to adjust
superconducting characteristics over a wide range of
critical current densities and characteristic voltages without
any principal technological changes at the same time.

Conclusions. AFM (in FM mode) experimental
investigation of the surface of the silicon layers with tungsten
clusters inserted in them gives the possibility to obtain a
quality express information about the space distribution of
these clusters in the layer with high enough space resolution
up to 1 nm. To do a quantity description of the obtained data
it's necessary: 1) to know the parameter named "Hamaker
constant" Ay for the investigated materials; 2) to calculate a
dependence of the polarization rate of the two-phases

LaTepHik B., A-p dis.-maT. Hayk, LLlanoBanos A., kaHA. ¢i3.-maT. Hayk,
CyBopoB O., acn., Binoronosckun M., a-p i3.-mar. Hayk

material on the cluster size (inserted in them).
Simultaneously, we experimentally confirmed that a radius of
action of the van der Waals forces equals approximately
~100 nm. In our case this method demonstrates high
sensitivity and space resolution for the silicon-tungsten
system. To measure experimentally the tungsten cluster size
in silicon it's necessary to do further special investigations.

We have measured by using atomic force microscope
(AFM) a relief of the silicon layers Si(W) with tungsten
clusters inserted in them, in which some enlarged images
of these tungsten clusters have been observed. We use
these Si(W) layers to fabricate Josephson junction with
resonance-percolation charge transport in them. We have
presented a simple theoretical formalism for a set of
resonance-percolating trajectories inside a thin dielectric
film. We believe that these results can form a base for
novel type Josephson junctions with enhanced
superconducting properties and, at the same time, well-
separated metallic electrodes.

Publication is partially based on the research provided
by the grant support of the State Fund For Fundamental
Research of Ukraine (project F64/008).
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BiAl. HAANPOBIAHOI eneKkTpoHiku IHCTUTYT MmeTanodisukm im. I'. B. KypatomoBa HAH Ykpainu

MpokoneHko O., kaHA. i3.-maT. Hayk, lMycToBonT M., cTYA.

kad. HaHODI3NKMN Ta HAHOENEKTPOHIKkK, hakynbTeT pafiodi3nkn, eNeKTPOHIKU Ta KOMN'KOTePHUX CUCTEM

KuiBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleByeHka

NEPEXOAN HDKO3E®COHA NOKPALLUEHOI ®YHKLIIOHANIbHOCTI
I3 PESOHAHCHO-NEPKOJIAUINMHMM TUMNOM TPAHCINOPTY 3APSAlY B HUX

OdepsxaHo ma docrlidKeHo Ho8Ul mur GXX03eGhCOHIBCLKUX CMPYKMYP i3 pe30HaHCHO-MePKoNAuitiHUM murioM mpaHcriopmy 3apsidy. Ha ocHoei aHanisy BAX yux
CmpyKmyp rokasaHo, wo 07151 Ub020 Murly CImMpyKmyp € XapakmepHUMU PEKOPOHI 3HaYEeHHSI XxapaKmepucmuy4Hoi Harpyau — 0obymky IcRn. 3a doromoeoro amomHo-
curnogozo Mikpockory docnioxeHa mornoeapadbisi okpemux wapis uyjei dxo3eghcoHiscbkoi cmpykmypu. [lokasaHa MoXnusicme criocmepizamu Ha HaHOCPYKMypPHOMY
PpigHi ghopmysaHHS1 KrnacmepHOi cmpyKmypu 8071bghpamy 8 KpeMHiesiti mampuui 6ap ‘epy 0x03eghCOHIBCHKO20 repexody.

Knroyosi crosa: nepexid [rxosegpcoHa, AHOpiigcbke 8i0bummsi, pe3oHaHCHO-NEPKONAYitHUL mpaHcriopm 3apsidy, amoMHO-CUIO8UL MIKPOCKOI, HadrpOo8IOHUK,

Memaresi knacmepu.

LaTepHuk B., a-p ¢dms.-mar. Hayk, LLlanoBanoB A., kaHA. pu3.-maT. HayK,
CyBopoB A., acn., Benoronosckui M., a-p ¢ums.-mar. Hayk

OTA. CBEPXNPOBOAHUKOBOW 3NEKTPOHUKN

WUHcTtutyTa metannocdmsukm um. I'. B. Kyparomosa HAH YkpauHbl,
MpokoneHko A., KaHA. couns.-maT. Hayk, MycTtoBont M., cTyA.

Kacb. HaHOCbVISI/IKVI U HAHO3NEKTPOHUKMU, cbaKyaneT pa,CI,MOd)MGMKVI, ANEKTPOHUKU U KOMMNbIOTEPHbLIX CUCTEM

Kuesckoro HaunonanbHoro yHusepcuteta umenu Tapaca LlleByeHko

NEPEXOAbl J)KO3E®COHA Y/TYYLUEHHOW GYHKLMOHAJIbHOCTH
C PEBOHAHCHO-NEPKONTALNOHBIM TUIMOM TPAHCINOPTA 3APAAA B HUX

lMony4eHb! u uccrnedosaHbl HOBbIU Mun AX03eghCOHOBCKUX CIMPYKMYpP C PE30HaHCHO NEPKansuUOHHbIM mMUoM mpaHcriopma 3apsda. Ha ocHosaHue aHanu3sa
OaHHbIX BAX amux cmpykmyp roka3aHo 4mo 0751 5moa20o muna CImpyKmyp XapakmepHbl PEKOPOHbIE 3HAYEHUST XapaKmepucmu4eCcKo20 HarnpsKeHUs — npou3sedeHust
IcRn. C romMowbro amoMHO-CUIo8ol MUKPOCKOMUU uccriedosaHb! moroapaghusi Mo8epxHOCmuU omoesibHbIX Crioes 3mou 003e¢hcoHo8CKoU cmpykmypbl. [NokazaHa
B03MOXHOCMb  Habmodamb Ha HaHOCMPYKMYPHOM yposHe (bopMuposaHuUe KracmepHol Cmpykmypbl 8onbgpama 8 KpemHuesol mampuue 6apbepa

O03eghCOHOBCKO20 nepexoda.

Knrodeebie cnoea: repexod [PxoseghcoHa, AHOpeesckoe ompaxeHue, Pe30HaHCHO-MEPKOMSUUOHHBILU mpaHenopm 3apsida, amoMHO-CUIO80U MUKPOCKOIT,

CBEPXMPOBOOHUK, MEMAIIUYECKUE KITacmepbI.
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ABELIZATION PROCEDURE FOR RECOVERING OF EMISSION INTENSITYS’ 3D DISTRIBUTIONS
FOR DIRECT FLOW PLASMATRON TORCH FROM 2D IMAGES

Sources of non-equilibrium atmospheric pressure plasma play an increasingly central role in various plasma-chemical technologies. For
instance, the destruction of toxic high-molecular compounds in aqueous solutions, the reforming of hydrocarbons in synthesis gas, and the
creation of nano-materials with organic liquids. This paper presents the algorithm for recovering optical parameters of 3D spatial distribution for
direct flow plasmatron torch using abelization and segmentation methods. The offered results of calculations are based on purposed algorithm.

Key words: direct flow plasmatron torch, 3-D spatial distribution, abelization, segmentation.

Introduction. Experimental study of the direct flow
plasmatron torch dynamics [3] showed that it can not be
considered as optically thin emission source (fig. 1).
However, the spatial distribution of emission properties is a
source of information on the physical and chemical
processes that occur in its’ volume.

y 0

100 255
1230
200 1204
180
154
128
103

Fig. 1. Direct-flow plasmatron plasma torch:
1 — area of classical arc; 2 — area of transverse arc;
3 — area of secondary discharge; 4 — "dead zone"

Among the existing methods for restoring spatial
distribution characteristics of the object, abelization
procedure occupies a key place. Input data for such a
procedure is registered as hardware signal that, in general,
is integral emission intensity along the line of sight.

'1.
|

i
do

I

Fig. 2. Formation nature of classical arc

However, the abelization method can be adequately
applicable only for objects with a known symmetry, which

in practice occurs quite often. However, direct flow
plasmatron torch is created by stochastic and deterministic
disturbances of objects’ initial symmetry, which has
previously known cylindrical symmetry (fig. 2).

In this work the algorithm for recovering optical
parameters of 3D spatial distribution for direct flow
plasmatron torch using abelization and segmentation
methods is shown.

Experimental. Overall unbalanced — the object is
divided into fragments, which are generated by symmetry
conditions flare formation [4]. Recovery process of optical
parameters’ 3D spatial distribution of the flare was
conducted in two stages. At the first stage the fragmentation
of the image on items with uniform cylindrical geometry. The
second stage is the consistent implementation abelization for
each fragment separately from the "stitching" results on the
boundary between fragments.

Algorithm of searching the area with uniform
parameters for local cylindrical coordinate system is based
on finding for each isosurface point the least remote
opposite point on image of this isosurface. To select
isosurface, the image segmentation algorithm based on
analysis of pixels was used [1]. The symmetry axis angle
and intersection point of the symmetry axis and highlighted
axis coordinate &, on the image were calculated from
obtained points coordinates. The procedure was performed
for all isosurface points of image. The neighboring areas
for which the deviation between parameters &, and ¢ was

not exceeded the given pre-specified accuracy, were
referred to the same fragment (fig. 3).

Fig. 3. Direct flow plasmatron torch fragmented image

As the measure of general image asymmetry were

considered the value n= So-S , Where — is the full torch

(0]
image area, — the average area of the uniform geometry
fragments (fig. 4).
© Skarbuta A., Olszewski S., 2015
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Fig. 4. Image asymmetry value

An abelization was used for each such fragment as for
an object with cylindrical symmetry. For this case, the most
appropriate abelization method is the Pierce method [2].

The calculations of a, coefficients for solving linear

algebraic equations systems are carried by the formulas:

e =rpk
2 2
. he =l
Sm(a)zu
Tk
2 2 2 2 2
r, . \/r —r._ \/r =l
ay x = | arcsin k k1| Nk ke
2 I I
2 2 2 2 2
lesi . \/r = \/r S =r.
A ix= k+i | aresin K+i k=1 | _ NTk+i k-1
2 Ficsi Ticsi
S5
- a
k-p.k-
iy Kpka

If the divergence is less than the pre-specified level of
accuracy, a "stitching" of the parameters on the border
between fragments were made by averaging neighboring
elements. Otherwise, to parts that are not "stitched", the
additional running algorithm with increase accuracy class
was implemented. The convergence of the algorithm is
satisfactory when image asymmetry value is 1<0.95.

Block diagram of the algorithm is shown on fig. 5.

Parameters ¢, and ¢, were used in the process of

clustering and stitching information into one.
The parameter ¢, characterizes the acceptable

derivations that allow to determine the identity of single torch
element to present or next cluster. The parameter ¢, adjusts

the degree of difference for corresponding elements of two
adjacent uniform clusters during the procedure of stitching.
The calculations were carried out for direct flow
plasmatron torch image, shown on fig. 1, which is typical
for this kind of torches. The result of the calculations is
three-dimensional matrix, whose elements are the three-
dimensional distribution of the emission intensity.
Calculations were performed for the full image area, but
in this paper we present the most informative sections that
are substantially differ from each other, and show that the

algorithm is indeed possible to apply for areas with
completely different geometry [5].

.

¥

allocation areas of uniform
cylindrical symmetry
parameters

reduction ¢, ¢

L ] abelization
procedure

deviation
<g

"stitching"

end

Fig. 5. Block diagram of the algorithm

Let us consider the emission characteristics’ spatial
distribution for the key sections (fig. 6) of the torch that
characterize its different areas (fig. 1).

Yy o
1

100 255
230
204

200
180
154
103
400 78
53
500 27
0

Fig. 6. Direct flow plasmatron torch cuts for which
are shown the calculation results of the optical emission
intensity distribution

Fig. 7 shows the emission characteristics’ spatial
distribution for "dead zone" area.
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As can be seen from the fig. 7 there are no optical
radiation in the surrounding areas of the electrodes
(classical arc). "Shelf" in the left side of the graph occurs
because the data is lost on the initial images. The similar
situation persists on the next graphs, but due to the
symmetry of the system it may be neglected. For the
restoration of full information one "column" is enough.

As can be seen from the figure 7, there is no other
kinds of optical radiation except for the surrounding areas
of the electrodes (primary arc). "Shelf" in the left side of

1
w A O
0 o W

Fig. 7. The intensity distribution of optical emission
direct flow plasmatron torch. Cut 1*

Fig. 9 clearly shows a zone of classical arc and
transverse arc zone, which has a higher emission intensity
and accordingly, higher plasma temperature. A "column"
consists of the main narrow channel plasma torch with a
higher temperature, which is surrounded by a layer of cold
plasma, that uniformly, "bell-shaped" decreases. We can
speak about the correctness and accuracy of the proposed

Fig. 9. The intensity distribution of optical emission
direct flow plasmatron torch. Cut 3*

Fig. 11. The intensity distribution of optical emission
direct flow plasmatron torch. Cut 5*

Figures 13—15 show secondary discharge area cuts.
On the border of the classical arc area and transverse arc

the graph occurs due to the data loose on the initial
image, caused by the matrix photosensitive off-scale
during the registration of emission properties from the
source. The following graphs performed the similar
situation, but due to the symmetry of the system it may be
neglected, since the restoration of full information is
enough even for one "column”.

Fig. 8 shows the occurance of transverse arc area of
direct flow plasmatron torch.

Fig. 8. The intensity distribution of optical emission
direct flow plasmatron torch. Cut 2*

algorithm because the similar torch was observed in some
another similar experimental studies.

Fig. 10 shows direct flow plasmatron torch cut in the
middle of transverse arc area.

Fig. 11 shows a top of transverse arc area, where we
can observe that the thickness of a cold plasma decreases
and the decrease gradient becomes higher.

Fig. 10. The intensity distribution of optical emission
direct flow plasmatron torch. Cut 4*

Fig. 12. The intensity distribution of optical emission
direct flow plasmatron torch. Cut 6*

area two peaks are still clearly tracked, however they are
"blurring” further, and the plasma becomes more uniform.
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Fig. 13. The intensity distribution of optical emission
direct flow plasmatron torch. Cut 7*

Conclusions. In the absence of methods, which meet
all restrictions imposed by the object of study, the new
algorithm was proposed, which bases on the Pierce
abelization and segmentation.

The proposed algorithm is suitable for restoring of optical
parameters spatial distribution from 2D images for objects
with complex geometry. Geometry of objects must be
generated by deterministic and stochastic perturbations of
initial symmetry. Regular symmetry areas must be uniform
and general image asymmetry value less than 0.95.

Plasma torches largely correspond to these demands,
so this algorithm can be used for such objects most
adequately.

To clarify the results of calculations, it may be useful to
apply the methods of computer tomography and probe
plasma diagnostics in further studies.

Lkap6yTa A., cTyA., OnbweBcbkuii C., kaHA. ¢i3.-maT. Hayk

Fig. 14. The intensity distribution of optical emission
direct flow plasmatron torch. Cut 8*
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Kad. KOMM’OTEepPHOI iHXeHepii, Kad. pagioTexHikM Ta pagioeNneKTPOHHUX CUCTEM,

cakynbTeT paniodi3anku, eneKTpPoHikn Ta KOMN’FOTEPHUX CUCTEM
KuiBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleByeHka

NPOLIEAYPA ABENI3AUII ANS BIAHOBNEHHSA TPUBUMIPHUX PO3MOAINIB
IHTEHCUBHOCTI BUNMPOMIHIOBAHHA ®AKEJTY MPAMOTOYHOIO NJIASMOTPOHA
3A ABOBMMIPHMMW 30B6PAXXEHHAMU

[DKkepena HepigHOBaXHOI Mnasmu ammocghepHO20 MUCKY 6idiepalomb 8aXIIUSy POrib 8 PI3HUX MIa3MOXIMIYHUX MmexHosoeisix. Lle pylHysaHHS MOKCUYHUX
8UCOKOMOITEKYTSIPHUX CIOMYK Y 800HUX PO34UHaX, pechopMiHey 8y2reeo0Hie 8 Wmy4YHOMY 2a3i, | CmMeopeHHs1 HaHo-Mamepiarie 3 op2aHidHUMU piduHamu. Lis cmammsi
rpucesHeHa an2opummy 6iOHOBMEHHST MPOCMOPO8O20 PO3rodiny ONMUYHUX napamempig ¢bakeny MpsMOMOYHO20 M1a3MompoHy. [lidrpyHmsm aneopummy €
8uKopucmatHsi Memodig abenisayii ma ceameHmauii. Pe3yrsmamu obpaxyHkig rpyHmyrmsCs Ha 3arporoHO8aHOMY aneopummi.

Knroqosi cnoea: ¢haken npssmMomoyHoO20 nia3MompoHy, npocmoposuti po3nodin, knacmepisauis, abernizauis.

Llikap6yTa A., cTyA., OnblieBckun C. kaHA. ¢un3.-maT. Hayk

Kad. KOMNbIOTEPHON UHXeHepun, kKad. paaUOTEXHUKU U PaANO3NEKTPOHHbIX CUCTEM,

®dakynbTeT paanodun3nKn, INeKTPOHUKU U KOMNbIOTEPHLIX CUCTEM
KneBckui HauMoHanbHbIW yHUBepcuTeT UMeHn Tapaca LLleB4yeHko

NPOLEAYPA ABEJII3ALMW AN BOCCTAHOBJIEHUA NMPOCTPAHCTBEHHbIX PACMPEAENEHUNA
MHTEHCMBHOCTU U3JTYYEHUA ®AKEJIA NPAMOTOYHOIO NJIASMOTPOHA
Nno ABYMEPHbIM U3OBPAXXEHUSIM

McmoyHuUKU HepaBHOBECHOU! Mia3Mbl ammoCchepHO20 OagreHUst Ugpatom BaXHYyH POfib 8 PasHbIX MIa3MOXUMUYECKUX MEXHOMozusiX. Takux Kak paspyweHue
MOKCUYHBIX 8bICOKOMOSIEKYSIPHBIX COeOUHEHULU 8 B00HBIX pacmeopax, pehopMuHza yarneeodopodos 6 UCKYCCIMEEHHOM 2a3e U Co30aHue HaHoMamepuasios ¢
Op2aHuUYeCKUMU XUOKOCMSIMU. Oma Cmambsi MOCesIuEeHa an2opummy 80CCMAaHOBIEHUST MPOCMPAaHCMBEHHO20 pacnpedesieHusi ONMUYECKUX napamempos ¢gakena
MPSIMOMOYHO20 M71a3MOMPOHa. Al20pUMmM OCHOBaH Ha UCTIONb308aHUU Memodoe abenusayu u ceamermayuu. MpusedeHs! pesysibmamsl pabomsi aneopumma.

Kntoyeenie crioea: chakes npsiMOmMOYHO20 MIasvMompoHa, MpocmpaHcmeeHHoe pacripederieHue, Kracmepu3sayusi, abenusayusi
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