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ANALOG NEURAL NETWORK FOR PREDICTION OF PROCESSES IN TIME

Analog neural network model for parallel and serial topology that are predict a coordinates points trajectory of the object thrown at
an angle to the horizontal was implemented and studied by using simulation in NI Multisim environment. It is shown that:

— neural networks and their analog models can be successfully used to predict the development process in time;

— universality neural network in predicting the development of a process over time is that the network is stable topology, with one
the same learning algorithm can predict the various stages of the process development;

— for improve the accuracy of prediction for each stage of the process need to re-train the neural network to specify the values of

weighting coefficients;

- when choosing artificial neural network(ANN) topology a preference should be given to parallel as a consistent topology is more
complex than implementing a parallel, although the last has a larger number of components and less accurate prediction.

Keywords: artificial neural network, analog computers, forecasting.

Introduction. Great interest in the research of artificial
neural networks (ANN) due to the fact that the way the
human brain information processing is very different from
the methods that are commonly used by digital computers.
The brain is a highly complex, non-linear information proc-
essing system. He has the ability to organize their struc-
tural components, which called neurons, so that they can
perform specific tasks (such as pattern recognition, signal
processing senses, motor function) several times faster
than that can perform the fastest modern computers [4].

Thanks to the achievements of biology, the theory of ar-
tificial neural networks (ANN) was appeared in the 40s of
XX century, because artificial neurons made up of ele-
ments that model the basic function of biological neurons.
Such networks can perform many different tasks, the most
common of which are: non-linear approximation of multi-
variate functions, forecasting the development process that
depends on many variables, in time, classification and rec-
ognition of input images, search associations, data com-
pression and more.

Today is the ability to simulate the human brain using
artificial neural networks created in various software pack-
ages for computers (PC). This has many advantages: ex-
ceptional versatility, high accuracy (and therefore predict-
ability of algorithm), stability and many others. But for all
these benefits have to pay a comparatively low speed and
productivity.

Modern analog operational amplifiers can operate at
frequencies of several gigahertz. The maximum frequency
operational amplifier for calculation function is several
times less than its cutoff frequency. If increase the number
of links in the neuron model, say, twice, the performance of
a digital model will decrease approximately in the same
number of times, and the performance of analog model not
hardly changed (though will be much more complicated
scheme). The price of the processor is much greater than
the price of analog circuit of close performance.

Thus the development of analog neural networks mod-
els is a promising task.

This work, based on previously designed and created
analog model of neuron aims to show the fundamental
possibility of analog neural network model to forecast the
development process in time [1].

Analysis tools and models. Properties of biological
neurons were fixed in basis of mathematical model of neu-
ron. Often, formal neuron (Fig. 1) has input adder, non-
linear converter and branching point output.

L 4]
3
> Lyl fS)
1
L2
/) 4

Fig. 1. Block diagram of neuron:
1 - neurons, whose output signals are coming to the input
of the neuron;
2 — adder of the input signals;
3 — calculated activation function;
4 — neurons receiving output signal of neuron

The above simple elements of neural networks can be
combined into more complex elements: block, layer, col-
umn. Layer used the most commonly. Layer is a set of neu-
rons or adders, accepts input information and generating
output signals at the same time.

There are several kinds of layers — inputs, outputs, hid-
den working layer (hidden), which is receiving input signals
and generates output signals (Fig. 2).

A mathematical neuron is an adder, the unique exit of
that is determined through his inputs and matrix of weight-
ing coefficients as follows: y = f(u), where

n
U=y w;x;+wg-Xo. (1
i=1

Here x; and w; — accordingly signals on the inputs of
neuron and weighting coefficients of entrance, the function
of u is called the state of neuron, and f(u) — a transmis-
sion(activating) function. Inputs signals can be discrete and
analog. The additional entrance of xo and corresponding to
it weigher coefficient of wy are used for creation of change.
Type of activating function of neuron of y = f(u) and can be
arbitrary and is chosen according to specific technical
specification or specific task.

As the multiplier of neuron's input signals and weight
coefficients was elected a micro scheme of multiplier on
quadrants. An adder and function activation collected on
operational amplifiers.

These elements became part of the neuron, which later
was used for the creation and study of the neural network,
which is based on Rumelhart's perceptron (Fig. 2) and ap-
proximates a mathematical function [1, 2].

© Bekh I., Novak S., 2016
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In this paper implemented and studied analog neural
networks models of parallel (Fig. 3) and serial topologies
that are predict a coordinates points trajectory of the object
thrown at an angle to the horizon by using NI Multisim
simulation environment [3].

Simulation results and discussion. Analog ANN
model consistent topology was implemented in the first
phase of work. As it turned out, the implementation of serial
topology is complex challenge of radio engineering, be-
cause we must use the time delay of output signal when it
supplies on input instead of the original input signal.

To compare the simulation results with calculated ana-
lytically using mathematical expression that describes the
work ANN [3] was selected start and end of plot the trajec- Xn-1
tory moving of the body. ;

Fig. 4 and 5 shows a plot of dependence coordinates X ' output
of body from time at the beginning of the movement and a X, . ; :
plot of dependence coordinates Y of body from time at the input layer hidden layers layer
end of the movement, respectively.

Outputs

Fig. 2. Block diagram of a two-layer Rumelhart’s perceptron

V.

0-——||
<

e '}lw%”ﬁ
I

: outys

S inyg inys :

Fig. 3. Model of neural network for parallel predicting of coordinates X and Y

T

During analog simulation each subsequent coordinate X, m — 2
value obtained with greater error than the previous one, -
which may be due to accumulation of systematic error up
calculating individual coordinate, it can be seen from the 0.0370
Fig. 4 and 5. This growth indicates that the mean relative ) ] P |
error defined as for coordinates X: at the beginning of the ,l'
movement, it was 0.28 %, and the final area — 0.48 %, 0.0365 - 3
and as for the coordinates Y: in the area, where body F
movement begins — 0.23 % and on the final area of _,'.
1.53 %. 0.0360
This fact may indicate that in different parts of the tra- |
jectory of body for the forecast coordinates should set i
different weights, i.e. the need to re-train the neural net- 0.0355 - -~
work. u
The implementation of an analog ANN model parallel -
0.0350 ; ; i ; ; =,

topology was on the second stage. The results of analog
simulation and data obtained analytically at the beginning 0 0.01 002 0.03 0.04 0.05 tc
of the body movement are showed in Table 1.

Mean relative error of determining the coordinates of . . .
X is 0.2 %, and the coordinates Y — 0.4 %. Apparently, Fig. 4. Dependence coordinates X body from time
analog neural network model with parallel topology is less at the beginning of the movement, Analytical (1), using

L . . . a mathematical expression that describes the work ANN (2),
accurate when predicting nonlinear dependencies are in during the analog simulation (3)
the initial stages.




B 1 C H M K KmiBcbkoro HauioHanbHOro yHisepcurery imeHi Tapaca lllesueHka

ISSN 1728-3817
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- —1
1.65 i,

] |
1.64 - &
1.63 -
1.62 . T

4.5 4.6 4.7

2 "3
“m
m
>,
48 49 50 tc

Fig. 5. Dependence coordinates Y body from time at the end
of the movement, Analytical (1), using a mathematical
expression that describes the work ANN (2), during
the analog simulation (3)

Table 1
The results of analog simulation and data obtained analytically at the beginning of the body movement
Ne Input data, V Simulation results, V Analytical calculations, V
X1 0.005374 Y1 0.024426 X4 0.005597 Y4 0.024836 X4 0.005586 Y4 0.024703
1 X2 0.005445 Y2 0.024529
X5 0.005618 Y5 0.024931 X5 0.005657 Y5 0.024775
X3 0.005515 Y3 0.024621
X1 0.005657 Y1 0.024775 X4 0.005663 Y4 0.024836 X4 0.005657 Y4 0.024837
2 X2 0.005728 Y2 0.024837
X5 0.005826 Y5 0.024942 X5 0.005726 Y5 0.024837
X3 0.005586 Y3 0.005597
X1 0.005728 Y1 0.024837 X4 0.005785 Y4 0.024903 X4 0.005726 Y4 0.024837
3 X2 0.005586 Y2 0.024837
X5 0.005826 Y5 0.024993 X5 0.005798 Y5 0.024889
X3 0.005657 Y3 0.024837
Conclusions. 1. Neural networks and their analog REFERENCES

models can be successfully used to predict the develop-
ment process in time.

2. The network stable topology, with one the same
learning algorithm can predict the various stages of the
process, this are versatility of neural network in predicting
the development of a process over time. However, to im-
prove the accuracy of prediction for each stage of the
process need to re-train the neural network to specify the
values of weights.

3. Comparison of results of analog simulation allows to
opt for a parallel ANN topology because a consistent topol-
ogy is more complex than implementing a parallel, al-
though the latter has a larger number of components and
less accurate prediction.
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I. Bex, kaHA. is.-maT. Hayk, aou,.,

C. HoBak, acn.,

cakynbTeT paniodizuku, eNeKTPoHikn Ta KOMN'KOTEPHUX CUCTEM,
KuiBcbkui HauioHanbHUM yHiBepcuteT imeHi Tapaca LleBuyeHka, Kuis

AHANNOOBA MOAENb HEUPOHHOI MEPEXI
Onda NPOrHO3yBAHHA PO3BUTKY MPOLIECIB Y YACI

3a donomoezoro cepedosuwsa modemnroeaHHsi NI Multisim peanizoeaHo i docnidxeHo aHanozoei Modesni HelipOHHUX MepeXx napasesnbHOi ma no-
cnidoeHoi mononoeii, Wo npo2Ho3yroms KOOPAUHaMU MoYoK mpaekmopii pyxy o6'ekma, kuHymoz2o nid kymom Ao 2opu3oHmy. [Moka3aHo, wo:

— HelipoHHIi Mepexi ma ixHi aHanoz2oei Modenii MOXXymb 6ymu ycniwHoO eukopucmadi 0711 NPo2HO3yeaHHsI PO38UMKY npouyecie y 4Yaci;

— YHieepcanbHicmb HelpOHHOI Mepexi 8 NPo2HO3yeaHHIi Po38UMKY sIKO20Chb NPoOUecy y 4Yaci nosisizac 8 momy, w0 Mepexa cmarsoi monosoeii
3 00HUM i mUM camuMm an2opummMoM Hae4aHHs1 MOXe NPOo2HO3yeamu pPi3Hi emanu po3eumky npouyecy;

— 0ns1 nidsuujeHHs1 MoO4YHOCMi NPo2HO3y Onsl KOXXHO20 emarny po3eumky npoyecy HeobXxiOHO 3HO8Yy Has4amu HelPOHHY Mepexy Onsi ymouy-
HeHHs1 3Ha4YeHb 8a208ux KoegiyieHmie;

— npu eu6bopi monosnoeii LIHV nepeesaz2y cnid Halamu napanenbHil, ocKinbku nocnidoeHa monorsogzisi € 6inbw cknadHoro 8 peanizauyii Hix na-
panenbHa, Xo4a 0CMaHHs1 Mae 6inbuWy KinbKicmbs KOMIOHeHMie i MeHwy mo4Hicmb NPoO2HO3y8aHHS.

Knro4oei cnosa: wmyyHa HelipoHHa Mepesxa, aHaso208a o6y4ucnroeanbHa MawuHa, MPO2HO3Y8aHHSI.

WU. Bex, kaHA. ouns.-maT. HayK, AOL.,

C. HoBak, acn.,

cbakynbTeT paanodn3nKmn, INEKTPOHUKN N KOMNbLIOTEPHBLIX CUCTEM,
KneBckui HauMoHanbHbIW yHUBepcuTeT uMeHu Tapaca LLeByeHko, Kues

AHAJIOrOBASA MOOENb HEMPOHHOW CETU ANA
NMPOrHO3UPOBAHUS PA3BUTUSA NMPOLIECCOB BO BPEMEHMU

C nomouwibto cpedbl modenupoesaHusi NI Multisim peanu3zoeaHo u uccnedoeaHo aHasi0208bie MOOesu HelipOHHbIX cemeli napasnnesibHol u no-
cnedoeameribHOU Mornoso2uu, KOmopbie MPoO2HO3UpPyoM KoopOuHambl MoYek mpaekmopuu dewxeHusi o6bekma, 6poweHHo20 Mod ya2/ioM K 20-
pusoHmy. [Moka3aHo, Ymo

— HelipOHHbIE cemu u ux aHanoz2oeble Modesnu Mo2ym 66Imb ycrnewHo UcrnobL308aHbl Os1si MPO2HO3UPOBaHUsI pa3eumusi IPOYECCOE 60
epemeHu;

— YHUsepcasibHOCmb HelipoHHOU cemu 8 MPo2Ho3Upo8aHUU pa3eumusi KaKo20-Mo Mpoyecca 80 8PeMeHU 3aK/1ro4yaemcsi 8 moM, Ymo cemsb Mo-
CMOsIHHOU MoMosI02uU ¢ 0OHUM U MeM caMbIM aseopummMmom o6y~leHun MoXkem npo2Ho3upoeamsb pa3/iu4Hble amaribl pa3eumus npoyecca;

— Ona noeblwleHUs1 MOYHOCMU fpo2Ho3a O/sl KaxX0020 amana pa3eumusi npoyecca Hy)XXHO CHo8a y4yumb HelpPOHHY cemb Osis1 YMOYHeHuUs
3HavyeHull eecosbIx KOaghguyueHmos;

- npu 6bl60pe mononoauu UHC npedno'-lmeHue cnedyem omdamsb napannenbHoU, MakK Kak rnocsedosamesibHasi mornoJsio2us sieisiemcsi 6onee
C/10)KHOU 8 peanu3sayuu, Yem napasnnesibHasi, Xomsi Noc/1e0Hsisi umeem 6Gonbuwee Ko/IUuYecmeo KOMIMOHEHMO8 U MeHbWY MOYHOCMb MPO2HO3UpPO-
eaHusl.

Knro4yeenle cnosa: UCKyccmeeHHas HeﬂpOHHaﬂ cemb, aHasio2oe8asl ebl4yucsiumersibHasi MaWwuHa, npPo2Ho3upoeaHue.
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CARBON NANOCRYSTALLITES SIZES IN FILMS DEPOSITED
BY MAGNETRON METHOD ON DIFFERENT SUBSTRATES

Magnetron sputtering device (MSD) with two erosion zones used for carbon films obtaining on Ni, Cu(Cu,.O,), Fe and NaCl sub-
strates. The optimal deposition modes were chosen from Monte Carlo (MC) computer simulation. Characterizations of obtained carbon
films were done by using of Raman spectroscopy and transmission electron microscopy (TEM). Demonstrated that Ni substrates pro-
vide a G-peak of Raman spectra closest to 1580 cm™ and in some cases (Ni sputtered target) G peak of Raman spectra is over 1580 cm’”.

This means a noticeable nanocrystalline structure with sp2 bonds.

Key words: carbon film, magnetron sputtering device, nanocrystallites, computer simulation, Monte Carlo method.

Introduction. Carbon films with nanomaterials (like
carbon nanotubes — CNT) may have applications in fuel
cells [25], OLED diodes and displays [13, 23] and FET
transistors [22]. Some of the latest investigations have
shown the possibilities of carbon films synthesis (also
with CNT) by the magnetron sputter deposition method
for wide sphere of technical applications [1-3, 16]. Mag-
netron sputtering devices on direct current (hereafter —
MSD) had found a wide application in the technology of
coating of the conductive materials and their composites
[12, 19]. As advantages of method of magnetron sputter
deposition of carbon nanomaterials usually highlighted a
low substrate temperatures, minimized high energy parti-
cles bombardment of substrate, ability of deposition on
non-conductive substrates, compatibility with integrated
circuits production cycles.

In the current work magnetron sputtering device (MSD)
with two erosion zones [4-8, 11] (here and after MSDTEZ)
was used for carbon films obtaining on Cu, CusOy, Fe, Ni
and NaCl substrates. Using of Cu as films substrate due to
its applicability as conducting layers in integrated circuits,
Fe and Ni — as a catalyst sublayers for applications of car-
bon nanotubes. Monocrystalline NaCl used by the conven-
ience of obtaining of equal surface on cracked edges and
their soluble properties, making it easy to separate the re-
sulting film for investigation by transmission electron mi-
croscopy (TEM). Some optimal deposition modes were
chosen from Monte Carlo (MC) computer simulation for
experimental carbon film deposition [4]. Characterization of
obtained carbon films was done by using Raman spectros-
copy and transmission electron microscopy. From such
methods are well known signs of the presence of carbon
nanotubes and nanocrystalline structure [9, 10, 20, 21,
24)]. This measurements show of presence of a nanocrys-
talline structure in obtained films and provided estimation of
nanocrystallites sizes.

Modeling and experiment. The magnetic and electric
fields in the MSDTEZ are rather complicated, and this
makes impossible an analytical description of the particles
motion in them. The computer simulation programs of
MSDs usually based on the integration of particle motion
equations and Monte Carlo collisions description are widely
used now to predict the shape of erosion zone of the cath-
ode-target [14, 15]. In the work [15] the Monte Carlo
method was used to find the starting positions of secondary
electrons at the cathode, which correspond to the steady
state discharge operation mode and for indirect prediction
of current-voltage characteristics of the discharge. The

numerical model of the MSD with two erosion zones
(MSDTEZ) of the cathode-target (hereafter — CT), based
on the Monte Carlo method, was built previously in the
works [4—7] by authors. The searching algorithm of the self-
consistent starting positions of the secondary electrons on
the CT and the estimation of the cathode sheath thickness,
based on the Child-Langmuir law, were presented in [6, 4].
Distribution of the discharge current could be associated to
the ion distribution at CT surface, because only there ions
define the discharge current. If the discharge current /4 is
known experimentally in this discharge operation mode, the
distribution of the discharge current could be estimated in
easy way [4]. Also in previous work [4] was dedicated to
the computer modeling of discharge and sputtering
processes in MSD with two zones of erosion by Monte
Carlo method.

The MSD with two zones of erosion has a flat disc-
shaped cathode (cathode unit) with a diameter of about
80 mm, which contains a magnetic system (Fig. 1). The
anode, made of an annular copper tube is placed above
the cathode, and similar to the cathode it is cooled by oil,
which flows through the cavity therein. The MSD and the
above-placed substrate, on which the coating is deposited,
are placed in a vacuum chamber of an industrial vacuum
system VUP-5 (Fig. 2).

Substrate Position
hT_’
r

d lz. .0z
Lot G

———

Anode

B-fiel
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Fig.1. The scheme of MSD with two erosion zones (MVSDTEZ)
(1.Z. — means "inner discharge zone", O.Z. — means
"outer discharge zone") [4, 11]

© Bogdanov R., Kostiukevich O., Stubrov Y., Yakimov K., 2016
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Fig. 2. The general view of MSD with two erosion zones (MSDTEZ)
and discharge in vacuum chamber of VUP-5
(1.Z. — means "inner discharge zone", O.Z. - means
"outer discharge zone")

The target is removable and placed on the cathode. So,
the cathode with the mounted target is called "cathode-
target". In the calculations, the origin of cylindrical coordi-
nates has been placed in the center of the target surface.
In this series of experiments, the target was made of a
graphite pencil rods, which placed into a non-magnetic
steel dish. On this stage of research, an analysis of
influence of thickness of the graphite target current density
distribution along the cathode-target radius between
discharge zones provided (Fig. 3), with aim to complement
results of the work [4].

ji, mAlcm?*
26,0
’ la=130 mA
24,0 Target thickness: °
22’0 Ud =720V
20,0 2
18.0 ‘f; 0,5mm
1604 1z J
14,0
12,0 A

Par=1,5Pa

30,0 35,0
rch mm

Fig. 3. Computer simulation results
of ion current density distribution
at different non-magnetic target thickness
(1.Z. - "inner discharge zone", O.Z. — "outer discharge zone")

As shown by this simulation, variation of thickness of
the target in ranges 0,5..1,0 mm or 1,3...1,7 mm weakly
influences on the distribution current density between dis-
charge zones. At the target thickness more than 2,0 mm
noted a steep drop in current density in inner zone (Fig. 3).
So, in next computer simulations the target thickness
1,785 mm applied. (Averaged experimental target thick-
ness was chosen close to this value too).

With the help of computer simulation were analyzed the
dependence of density uniformity of the flux of sputtered
particles from the target-substrate distance (Fig. 4). Natu-
rally there observed a decrease of the influence of the ini-
tial particles flow radial heterogeneity on away from the
surface of the cathode-target at distance 2,0...4,0 cm.

Fig. 4. Computer simulation results of simulation of the flux

of carbon particles density at different distances h from

the cathode-target of MSDTEZ (Value h = 0,0 cm means
the cathode-target surface)

Comparison of changes of the average energy of sput-
tered particles W, at variation of the distance between
cathode-target and substrate demonstrated minimal differ-
ences. In all cases of the distance observed higher uni-
formity of energy along the radius of the MSD system
against the corresponding distribution on the surface of
cathode-target Fig. 5.

W, eV
lg= 130 mA
12,0 -
11,0 4
—O0=—h=2,0cm
10,0 + —e—h=30cm
—v-=—h=4,0cm
9,0 ey
0,0 40 8,0 12,0 16,0 20,0 24,0 28,0 32,0 36,0

rch mm

Fig. 5. The comparison of the average energy
distributions of the carbon atoms along the radius
of MSDTEZ at distances h from the cathode-target

From previous modeling [4] for this MSD discharge
were identified modes in which carbon atoms reached of
energy over 7,04 eV [18] (Fig. 6). Such energy is suitable
for deposition of carbon films containing carbon nanotubes
and other nanoparticles. Such criteria correspond to pres-
sures up to 2,0 Pa and currents from 100 mA. Although, as
the average value of energy allowable region can be
slightly expand up to 4,0 Pa pressure, or at 70 mA current
for pressure less than 2,0 Pa.

Additional energy for positive ions can be added at the
self-biasing potential of the substrate, which is usually
negative. So authors made a direct measurements of elec-
tric potential for of the ungrounded substrate under condi-
tions of discharge in MSDTEZ, under conditions of
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45...150 mA discharge's current (Fig.7). These data
showed that for pressure of Ar working gas 0,67 Pa and
1,33 Pa, the negative potential of the substrate is reduced
on about —2,0 V at the mentioned discharge current varia-
tion, and at 6,65 Pa the negative potential increases
slightly (by —0,5 V). Thus, under conditions of discharge
currents that more than 70 mA can get an additional 3-5 eV
for singly charged ions that bombard the substrate. (But
these ions usually are from working gas plasma — not by
sputtered material).

<Woeispt>. eV

A sbt.; ~14=130 mA
9,0 A
8,0 ct; —e—sbt.;~I13=100 mA

7,0 —(—ct.; —m—sbt;~I14=70mA
6,0

5,0 h=4,0cm

4,0

3,0

2,0 \

10 \

o’o T I\V
0,0 2, 4,0 6,0 8,0 10 0 12 0

Par, Pa

Fig. 6. Computer simulation results of average energy
of the sputtered atoms <W,> and the average energy
of atoms approaching the substrate <W,,> at different
currents and pressures (from [4])
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Fig. 7. The results of measurement of floating potential
of ungrounded substrate at different discharge modes

The experimental modes of carbon films deposition and
substrate-catalyst combinations presented in Table 1. From
above computer simulations of discharge modes of MSD
with two erosion zones were chosen the most useful for
carbon films deposition — at currents lq=70..150 mA,
Uys=400..600V and argon working gas pressure
par = 1,33..1,8 Pa. Also some well-known catalysts for car-
bon nanotubes synthesis were chosen like Ni and Fe. Also
the dependence of obtained films properties investigated in
cases of different substrates (Ni, Cu, Fe and NaCl) with
area near 0,5..2,0 cm? (Table 1). At case # 1 used a frag-
ment of Ni target processed in this MSD from sputtered
zone and has enhanced surface structure. Observed, that
using of such catalysts plates never influenced on dis-
charge voltages and currents.

Target-substrate gap usually was 4,0 cm (except ex-
periment # 8 (Fe) in which 3,0 cm gap was used). NaCl
targets were used because we need some thin, rather
transparent for electrons films (less than 70,0 nm) for effec-
tive transmission electron microscopy (TEM) work. Soluble
NaCl is easy way for such films preparing.

Table 1
Modes of experiments
Mode 2 o Experim.

" Substrate | Catalyst (S, cm”) | t;, °C time, s Uy, V lg, mA | par, Pa
1 Ni sp. )

Ni (3,0) 2700 550..560 120
2 Ni
3 70..144 1800 550..560 130

Cu,Cu,Oy Ni (1,5)

4 70..90 4800 420..460 70 1,33
5 70 540 150
6 NaCl Ni (3,0) 90 500 130
7 192 400 70
8 Fe Fe (1,0) 1800 560 120 1,8
9 Graphite from the target

In Table 2 presented carbon films synthesis modes
from works of other authors [20, 21, 24] in which chemical
vapor deposition (CVD) plasma-enhanced CVD (PECVD),

and vacuum arc processes used for carbon films and
nanoparticles synthesis.
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Table 2
Modes of experiments from literature
Mode 2 o :
# Substrate Catalyst (S, cm®) ts, C Exper. time, s Uy, V lg, A Pmixs Pa
; . (600) (120)

10 SiO, Ni [20] 750 180 530 0,4 931

11 Cu,Oy Fe [21] 750 7200 None Normal.

12 25

13 S0, Co [24] 250 na na 70((%)6)1 20 1,33x10°

14 500

From literature PECVD [20], CVD[21], arc [24]

On this stage of research the computer simulation re-
sults (from [4, 6, 7]) were also compared with experimental
data of sputtering-deposition of graphite target with Ni cata-
lyst plates (Fig. 8) like in modes # 5-7 (Table 1). Film thick-
ness on glass substrate was evaluated by ogtical interfer-
ence method. Mass density pgr = 2,35 g/cm™ [17] defined
as for some technical graphite, which enabled calculation
of particles flux density on substrate e and make the
comparison of it with average value estimated from com-
puter simulation at such condition i, (Table 3).

Table 3
Carbon flux in some modes

ls =70 mA
0,08 (Ug = 385 V)

ls =130 mA
0,33 (Ug = 510 V)

V, nm/s

Micro-Raman spectra recorded in backscattering geometry
at room temperature (T =300 K) on triple spectrometer
T-64000 Horiba Jobin-Yvon with a cooled CCD detector.
The excitation of Raman spectra carried by Ar-Kr laser with
wavelength Ae =488 nm. Focusing optical lens system
50x/0,75 provided a laser spot diameter of about 1 um. The
spectra were recorded by corresponding computer soft-
ware of the spectrometer and analyzed by using of as-
sumptions from [9, 10]. Examples obtained spectra are
shown in Fig. 9. Examined Raman spectra for the films
samples are demonstrate notable D (~1250 .. 1450 cm™)
and G (~1500 .. 1600 cm‘1) bands. There were also ana-
lyzed relative values of peaks /(V) and I/(P). The results of
the study of Raman spectra are shown in Table 4.

Intensity, arbitrary units

Mex10", cm?s™

0,94 (Ug = 385 V)

3,9 (Ug=510V)

Mmx10'®, cm?s™

3,9 (Ug = 466 V)

7,0 (Ug = 566 V)

par = 1,33 Pa, per= 2,35 glem’[17]

In that time of use the graphite target were rather ru-
ined and thinned. This decreases the discharge voltage at
the same current in compare to modes #1-8 (Table 1). The
comparison of e and N, demonstrates that modeling re-
sults are closely to real experimental at highest discharge
currents and at comparable discharge voltage Ug.

re/ 10" cm?s™

1,4 4 la=130 mA ooo
121 — 0 —14=100mA, U= 524V
101 —A—I,=70 MA

0,8 4

0,6 - -
ol \o &
014 .:\.A:-u_@s:z::.::za:czc
- “‘ “A‘ e
0,2 Yy \AAA‘ LT
’ par-=1,33 Pa
0,0 +———+——F+—+—r—+——+——+——+—
0,0 50 100 150 20,0 250 30,0 35,0

I, MM

Fig. 8. The comparison of computer simulation results
of carbon particles flux I'; on target placed on distance
h = 4 cm from cathode at different discharge currents
(from [4]) and particle flux from experiment at 130 mA
(marked "*") from Table 3

Analysis and interpretation of Raman spectra of C-
films. The characterization of carbon films was done by
well-known method of optical Raman spectroscopy [9, 10].

ryi
375 F G. —Z @)
S (#9)
(#3)
300 + (#4)
225 }
2D
150 4 )
|- .
75 | r"'—\ .
1000 1200 1400 1600 2800 3150
Av, cm™

Fig. 9. Raman shift of carbon films samples in cases
of films on Cu (Cu,Oy) at 130 mA (mode #3) and 70 mA
(mode #4) and on nickel (Ni) at 120 mA (mode #1), also some
spectrum from graphite target fragment (mode #9 (Table 1))

G-band of Raman spectra associated with sp2 bonds in
carbon structures and has the highest frequency in graph-
ite and at grinding of graphene layers in graphite-like mate-
rials the G-band frequency decreases. D-band associated
with existence of separate aromatic rings of six carbon
atoms. D-band in ideal graphite is absent through of infinite
graphene planes. When there are limited sizes of
nanocrystallites, exists so called correlation length or ra-
dius L, the intensity of D-band is growing and has a maxi-
mum value at L,=2nm [9, 10]. If the D-band (Fig. 9.) is
enough wide, it indicates to a significant degree of disorder
in the carbon film sample (as in [21]).

According to [9,10], in the case of graphite or nanocrys-
talline graphite the G band frequency peak will be no less
than 1580 cm™. Then from the known value (/(D)//(G))

possible to estimate the radius La:
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The sign of nanocrystalline graphite with transition in
amorphous graphite is the peak frequency of band G,
which is less than 1580 cm’™ [10]. Expression for La in this
case is follows:

o) 1 1(0)\*°
L, - /T(G)) U ~1,3484 nmx[@] O ©

The experimental results obtained. The best cases
from experiments with Ni and Cu substrates compared with
graphite, which used in target ("mode" #9 from Table 1)
and depicted on Fig. 9. The most samples have G-band
peak lower than 1580 cm’1, but some Ni (mode #1), have
frequencies upper then 1580 cm™ as the graphite sample.

Calculated from expressions (1) and (2) average values
(from 3-5 points) of <L,> for every experimental modes are
shown in Table 4. The relation of <L,> to G-peak frequency
<Av(G)> depicted on Fig. 10 for every cases #1-14.

Table 4
Raman spectra data and correlation length
Experiment mode number <Av(D)>, cm” <Av(G)>, cm” <I(D)I(G)> <L,>, nm
(substrate)
1. (Ni sput.) 1363,61 1589,645 0,916 4,8035
2. (Ni) 1359,172 1575,444 0,8958 1,2762
3. (Cu, Cu,0y) 1370,678 1560,28 0,8517 1,2444
4. (Cu, CuOy) 1380,429 1557,405 0,7408 1,1605
5. (NaCl) 1395,427 1560,096 0,8473 1,2412
6. (NaCl) 1383,891 1557,921 0,7916 1,1997
7. (NaCl) 1377,309 1562,383 0,8529 1,2453
8. (Fe) 1362,572 1571,636 0,7096 1,1359
9. Graphite 1359,725 1581,241 0,3888 11,318
10. (SiOy) [20] 1341,667 1606,25 1,3205 3,332
11. (CuOx) [21] 1326,866 1589,552 1,4895 2,954
12. (SiOy) [24] ~1350 1547 0,3 0,7386
13. (SiOy) [24] ~1350 1557 0,68 1,1119
14. (SiO,) [24] ~1350 1582 1,05 4,1905
Note: the brackets <..> mean averaged value.

In cases of Cu substrate, at two different discharge
current modes — 70 mA (mode #4, Table 1) and 130 mA
(mode #3, Table 1), from comparison of Raman spectra
observed strong dependence of nanocrystallites sizes —
lower current mode with lower energy of carbon
particles provides smaller <L,>. But on NaCl the <L,>
decreases strongly at increasing of discharge current
to 150 mA.

Cases of Ni substrate with sputtered surface (mode
#1, Table 1) are closer to results of other works in which
C(:Me)-films and multiwall carbon nanotubes (MWCNT)
are synthesized at higher temperatures 500-750°C
(modes #10 .. #14 from works [20, 21, 24]) but in com-
pare — in the current experiments substrate temperatures
reached 90-144°C (Fig. 10). Ni mode # 2 on smooth sur-
face as the Fe (#8)and Cu/CuxOy (#3, 4) cases are similar
to "low temperature" case #13 from work [24], and dem-
onstrate bigger <L,> in comparison of the case #12 (at
room temperature (RT)). All considered carbon films in
cases with Fe (#8) and NaCl (as most Cu and Ni cases)
substrates can be classified as disordered nanocrystalline
graphite or amorphous graphite with high predominance
of sp? faction because they <Av(G)> lower than 1580 cm™
and wide D-bands (Fig. 8).

The size of nanocrystallites which exists in films, usu-
ally have a correlation length <L;>=1,1 .. 1,2 nm (Table 4).
This means the average transverse dimensions near
2,4 nm. Such dimensions were verified by TEM of films,
which deposited on NaCl substrates in cases of three cur-

rents: 70 mA, 130 mA (Fig. 11), 150 mA. Average
La = 1,2 nm — means that same nanocrystalline structure is
repeated in radius <L,>. At TEM images of films we com-
pared a circle with 2<L;> = 2,4 nm diameter with such visi-
ble structures in film (Fig. 11). As we can see, the visible
structures have a central symmetry. This also means that
our assumptions about nanocrystallites sizes from Raman
spectra data are true.

<L,>, nm
ﬁ [ T= #1) v (#8) © !
T | o (#2) © (#9)
5 Fle#3) | K #0) - T
F | O (#4) 2 (#11) *
4 1+ @#5) * (#12)
| < (#6) ¥ (#13) X
3 T|+@#n * (#14) IX
2 4
1 1 %5@ v O
| K
0 t t t t +—/+—
1550 1560 1570 1580 1590 1610
<Av(G)>, cm”

Fig. 10. Relation between averaged correlation length <L,>
and <Av(G)> in different experimental modes (see Table 4, 1, 2)
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0. Kocnoxeawﬂ, iHX.,

0. CTprOBz, iHX.,

K. HKMMOB1, MpPOB. iHX.,

! chakynbTeT papiodi3nku, enekTPoHikn Ta KOMN'IOTEPHUX CUCTEM,

KuiBcbkuit HauioHansHUI yHiBepcuTeT imeHi Tapaca LLleByeHka, Kuis

2 IHcTUTYT bisukm HaniBnpoBiaHUKIB imeHi B. €. NawkapboBa HAH Ykpainu, Kuis

PO3MIPU BYITMELEBUX HAHOKPUCTAITIB Y MJIBKAX,
OCADKEHUX MATHETPOHHUM METOAOM HA PI3HUX MIAKNAOKAX

MazHempoHHuli po3nopouwyeanbHuli npucmpiti (MPI1) i3 deoma 30Hamu epo3ii 6yn10 sukopucmaHo 0ss1 ocadxeHHs1 ayaneueeaux nnieok Ha Ni,
Cu(Cu,0,), Fe ma NaCl nioknadkax. OnmumasnbHi pexumu ocadxeHHs1 aubpaHO Ha OCHO8i KoMmm'tomepHo20 ModesitoeaHHsi Memodom Moume-
Kapno. [JocnidxeHHs1 ompumMaHux eyaneyeeux rniieok 8UKOHaHO 3a OOMOMO20K0 criekmpockonii kKom6iHayiliHo2o po3citoeaHHs1 ceimna ma enekm-
POHHOI npoceimHoi Mikpockonii. Moka3aHo, wo Ni nidknadku 3abe3nedyromb G-nik cnekmpa kom6iHayiliHo20 po3citoeaHHs1 ceimna 65u3bko
1580 cm™’, a y eunadky Ni nioknadku 3 po3nopoweHoro nosepxHero yacmoma G-niky nepesuujye 1580 cm™. Lje ceidyums npo HasieHicmb HaHOKPU-
cmarsniyHoi cmpykmypu 3 sp2-3e 'A3Kkamu.

Knro4oei cnoea: eyaneyeea nnieka, MacHempoHHuli po3nopouwyeanbHull npucmpili, HaHOKpucmasimu, KkoMn'rtomepHe mModesnoeaHHs1, Memod
Mounme-Kapio.

P. EornaHOB1, WHX.,
0. KocTiokeBu4', nHx.,
10. CTy6poB?, nHx.,
K. Akumos’, Bed. nnx.,
' thakynbTeT paanodN3NKK, INEKTPOHNKM Ta KOMMLIOTEPHLIX CUCTEM,
KueBckuit HauMOHanNbLHbIN YyHMBepcuTeT UMeHn Tapaca LLleByeHko, Kues
2 "
WUHcTuTyT chnsnkm nonynposoaHukoB umenu B. E. Nawkapésa HAH Ykpaunbl, Kues

PA3MEPbI YITMEPOOHbIX HAHOKPUCTAIIJITUTOB B NMJIEHKAX,
OCAXEHHbIX MATHETPOHHbIM METOOM HA PA3JIMYHbIX MOANTOXKAX

MazHempoHHoe pacnbinumensHoe ycmpolicmeo (MPI1) ¢ 08ymMsi 30HaMu 3po3uu 6b1s10 UCMOML308aHO Os1s1 OCaKOeHUs1 y2/1epOoOHbIX NIIEHOK Ha
Ni, Cu (Cu,O,), Fe u NaCl nodnoxkax. OnmumasnbHble pexumbl ocaxdeHusi u3bpaHbl Ha OCHO8e KOMIMbOMepPHO20 ModenuposaHusi Memodom Mo-
Hme-Kapno. NccrnedosaHue nosy4eHHbIX y21epoOHbIX M/IEHOK 8bIMOJIHEHO C MOMOWbLIO CIIEKMPOCKOMUU KOM6UHaYUOHHO20 pacceusaHusi ceema u
a1eKmpoHHoU npoceemHol Mukpockonuu. lMokazaHo, ymo Ni nodnoxku o6ecneqdusarom G-nuk crnekmpa KOM6UHaUYUOHHO20 pacceusaHusi ceema
okoso 1580 cm™’, a e cnyyae Ni nodnoxku ¢ pacnbinieHHOU nogepxHocmbio Yacmoma G-nuka npessiwaem 1580 cm™'. 3mo ceudemesnibcmsyem o
Hau4Yuu HaHoKpucmannu4yeckoli cmpykmypsbl ¢ Sp°-cesi3simMu.

Knioyeenie crioea: yanepodHasi niieHKa, MazHempoHHOe pacnbiiumesibHoe ycmpolcmeo, HaHOKPUCMasniumsl, KOMIbloOmMepHoe modesupoea-
Hue, Memod Monume-Kapno.
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OPTICAL NEAR-FIELD SUB-NANO-POLISHING
OF THE DIELECTRICS SURFACE USING PHOTOCHEMICAL REACTION

In the paper we consider the method of polishing surface nano-roughness of quartz substrate using optical near-field dipole-
dipole interaction of atomic chlorine with quartz molecules. Atomic chlorine obtained by photodissociation of molecular chlorine
via optical near field of quartz substrate surface nano-roughness. Polarization of chlorine atoms and quartz molecules made by
evanescent wave generated on the substrate surface when it is irradiated with a green laser light from the opposite side at an

angle no less than the angle of total internal reflection.

Keywords: photodissociation, sub-nano-polishing, optical near field, evanescent wave, surface nano-roughness, dipole-

dipole interaction.

Introduction. The optical elements (mirrors, prisms,
lenses, etc.) are widely used in most optical device:
lasers, gyroscopes, physical fields sensors and more.
An important feature of the above elements is the
degree of homogeneity of the surface. Devices
measurement accuracy depends on it. Now known a
variety of methods to reduce the surface roughness and
thus increase its quality. However, these methods do
not allow to eliminate surface defects on subnanometer
scale. This can be done using optical near field. This
makes the relevance of the research and the possible
widespread practical use of the results.

Purpose of the research is to develop a method of
reducing the quartz substrate surface roughness from the
tens and units of nanometers to units of angstroms.

Experiment idea. In a vacuum chamber placed quartz
(SiO2) substrate with nanometer scale roughness (Fig. 1).
The chamber filled with molecular chlorine Cl, up to the
pressure of 100 Pa. The chemical activity of molecular
chlorine is not enough to react with quartz [1]:

Si0, +Cl, +

: TV 0291 Vacuum chamber

Laser (A =532 nm)

Fig. 1. Schematic of the experimental setup ( Eev and E,,

are wave vector and the electric field strength
of evanescent wave respectively,
@ is the angle of incidence of the laser radiation

from the opposite side the quartz substrate surface,
is the angle of total internal reflection)

Prir

Substrate is illuminated by beam of green laser
light (A = 532 nm) from the bottom at an angle of total
internal reflection. Above the substrate surface at the
distance of < A/2m formed evanescent wave, which
polarizes the molecules of CI2 and SiO2. Obtained
dipoles generate all three components of the
electromagnetic field [4; 2] (Fig. 2).

Quasi-electrostatic field
E~1F

Reactive field
E,H~11P, A@ey= 12

Radiation field (photons)
E,H~1lr, A@cn=0

Equatorial region of dipole

Fig. 2. Directional pattern of the three components
of electromagnetic field generated by the dipole

The Fig. 3 shows that in the near zone the strongest
component is ~1/° (near-field component). It is much
stronger than the radiation field is ~1/r, which is dominated
by only in the far zone. The Fig. 4 shows that the graph of
sum of all 3 components of the electric field (marked as
"$") almost coincides with the graph of ~1/r° in the region |
(components ~1// and ~1/r are very weak). Graph of sum
of components in region Il almost identical with the graph
of ~1/r (components ~1// and ~1/r are negligible). Thus
the graph in regions | and lll in logarithmic scale (both axes
are logarithmic scale) should look almost straight as graphs
~1/” and ~1Ir respectively. All 3 components are
commensurate in the region Il. Thus the graph of sum of
components in this region is a curved form. Regions |, I
and Il are not firmly fixed.

Near-field component ~1/P  of SiO;

dissociation of molecular chlorine [1]:

C|2 Near field 2C| .

Thus molecular chlorine getting into the near field,
becomes much more reactive atomic chlorine. This
process is irreversible in the near field. After the
dissociation of molecular chlorine atomic chlorine becomes

leading to

© Vasylenko D., Grygoruk V., Sydorenko V., 2016
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Fig. 3. Schematic illustration of the dependence of the electric field strength E on the distance r from the substrate
surface nano-roughness of the quartz for the three components of the electric field generated by the dipole
(both axes are logarithmic scale)
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Fig. 4. Schematic illustration of the dependence of the full electric field strength E (the graph is marked as "Z")
on the distance r from the quartz substrate surface nano-roughness as a result of summing 3 components
of the electric field generated by the dipole (both axes are logarithmic scale)

polarized by evanescent wave. Evanescent wave
propagates along the surface (Fig. 1).

Therefore, the vector of the electric field strength is
directed orthogonally to the surface plane. The dipoles
(electric dipole moments) of Cl and SiO; are oriented parallel
to the vector of the electric field strength. Since the near field
is very inhomogeneous and decreases exponentially with
distance from the substrate surface [3], it attracts dipoles of
Cl to the substrate surface. Since dipoles of Cl (gas) is
always located above the dipoles of SiO, (substrate
surface), then we have a situation where indicated dipoles
(electric dipole moments) are oriented along one straight line
(Fig. 5). Thus the interaction of dipoles of Cl and SiO- is due
to component of ~1/, in contrast to previous experiments
photochemical sub-nano-polishing [1], wherein the substrate
was irradiated from above orthogonal surface plane through
which the dipoles of Cl and SiO, were oriented parallel to the
equatorial regions to each other (Fig. 6). Such a mutual

arrangement the dipoles their interaction was due only
component of ~1/r.

Atomic chlorine reacts with nano-roughness of the
quartz substrate. The resulting reaction produces silicon
tetrachloride and oxygen that are gases:

Si0, +4C1—Nearfeld , gic1, 1t 40,1

Because of this quartz substrate roughness is etched.
Notability and unusual of this reaction consists of that each
molecule of quartz surface nano-roughness should interact
with four atoms of atomic chlorine before they interact with
each other, which is possible only in the near field. Thus, if
you turn off the laser and in this way to remove the near
field, the four chlorine atoms surrounding quartz molecule
interacts primarily with each other and forms a
conventional two molecules of molecular chlorine which
does not react with the quartz. Therefore photochemical
sub-nano-polishing process will stop.
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Dipole of Cl (gas)

Dipole of SiO,
(substrate surface)

Fig. 5. The orientation of the dipoles of Cl and SiO,
under the action of evanescent wave when
using total internal reflection

Conclusion. We propose a method of photochemical
sub-nano-polishing using evanescent wave, which allows
to use near-field component of the electromagnetic field is
~1/P, is much more effective than the previous [1], wherein
was used only the radiation field component is ~1/r, which
is much weaker than the near-field component in the near
zone. As a result, the velocity of photochemical sub-nano-
polishing process using the evanescent wave will be much
higher than in previous experiments.

At constant external pressure of arbitrary molecular gas
optical near field enables to continuously transform it into an
atomic gas with subsequent local use of the latter. Using the
optical near field (including evanescent wave) enables nano-
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)
IN Dipole of Cl (gas)

Dipole of SiO,
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m Vv

Fig. 6. The orientation of the dipoles of Cl and SiO,
in the near field while irradiating the substrate
from above orthogonal surface plane

localization of chemical reactions. This method can be used in
nanotechnology and nanochemistry.
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ONTUYHE BIIMXHbOMOJIbOBE CYBHAHOIMOJIPYBAHHA NMOBEPXHI AIENIEKTPUKIB
I3 BUKOPUCTAHHAM ®OTOXIMIYHOI PEAKLIIT

Po3ansiHymo cnoci6 nonipyeaHHsi HaHOHeoOHopiOHOcmel nosepxHi keapuyesoi nidknaduHKu 3a OOMOMO20K0 OMMUYHOI 6/IUKHBLOMOILOBOT
ounonb-0unonbHoi 83aeMoQdii amomapHO20 XJIopy 3 MoJleKysiamu Keapyy. AmomMapHul xJiop ompuMaHo wiisixom ¢pomoducoyiayii MosieKynsspHo20
XJ/I0py OnNMuUYHUM 6MWKHIM noneM HaHoHeodHopiOHocmel keapueeoi nidknaduHku. Monspu3ayito amomie xsopy ma monekyn keapuy 30iliCHeHO
esaHeCUeHMHOI xeusielo, sika 2eHepyembCsl Ha MoeepxHi NiOknaduHKu npu i ONMPOMIHEHHi 3e/leHUM Jla3epHUM eUMPOMIHIO8aHHSIM 3
npomusexHo20 60Ky nid Kymom, He MeHWUM Hi)XX Kym oeHo20 8 HympiuwHb020 8iobummsi.

Knrouoei cnoea: ¢pomoducouiayisi, cy6bHaHomnoslipyeaHHs, onmuy4He 6JIUXHE rosie, eeaHeCyeHmMHa Xxeusisi, HaHOHeoOHOPIOHOCMIi Mo8epPXHi,
ounonb-ounonbHa 83aemMod0is.

0. BacuneHko, acn.,

B. Mpuropyk, A-p ¢us.-mar. Hayk,

B. CuaopeHko, kaHA. ¢hus.-maT. HayK,

kacheapa KBAHTOBOW paanodusmnku,

bakynbTeT paanodnU3nKm, INEKTPOHUKU U KOMNbLIOTEPHBLIX CUCTEM,
KueBckuit HauMoHanbHbIN YyHMBepcuTeT UMeHn Tapaca LLleByeHko, Knes

OMTUYECKOE BJIIMXKHEMNOJIbHOE CYBHAHOIMNOJNMMPOBAHWE NOBEPXHOCTU AN3JEKTPUKOB
C NCNOJIb3BOBAHUEM ®OTOXUMUYECKOU PEAKLIUA

PaccmompeHo cnoco6 nonupoeku HaHOHeoOHopoAHocmell NogepxHOCMu Keapuyeeol MoOA/I0XKKU C MOMOWbLIO ONMUYECKO20 6JIUXKHENO/IbHO20
dunonb-0unonbHO20 83aumModelicmeusi amomMapHO20 XJsiopa ¢ MoJsleKysamu keapya. AmomapHbil xiop o6pa3oeaHo nymem ¢homoduccoyuayuu
MOJIEKYNISIPHO20 XJI0pa ONMUYECKUM GMIUXHUM rosieM HaHOHeoOHOpoOHocmell keapyesol nodnoxku. lMonspusayusi amomoe xsopa u MoseKyn
Keapya ocyujecmesieHa 38aHecyeHmHol 80JIHOl, Komopasi 2eHepupyemcsi Ha M08ePXHOCMU MOOSIOKKU Mpu ee o6/y4YeHUU 3esIeHbIM /la3ePHbIM
u3Jly4yeHUeM C POoMuUEOoIoJI0XHOU CMOPOHbI 100 y2/I0M, He MeHbUIe YeM Y2011 M0SIH020 8HYMPEHHE20 OMPaXXeHUSs.

Kntoyeenbie cnoesa: ¢pomoduccoyuayusi, cy6HaHononuposaHue, onmu4yeckoe GruxHee nose, 38aHecCUeHMHasi 80/1Ha, HaHOHe0OHOpPodHocmu
noeepxHocmu, dunoss-dunosibHoe e3auModelicmeue.
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DETECTING EPILEPTIC SEIZURES USING STATIONARY WAVELET TRANSFORM

Epilepsy is a common chronic neurological disorder caused by transient and unexpected electrical disturbance of the brain.
This paper presents a mechanism by which seizures are detected using a single channel of on-scalp EEG. The proposed
approach is based on Stationary Wavelet Transform (SWT) to decomposed the electrocorticography (ECoG) signal into its sub-
bands to detect rhythmic discharges of specific frequencies. Afterwards, the modified post-processing procedure was applied for

identification of epilepsy seizure.

Keywords: epilepsy, ECoG, wavelet transform, neural network, classification, seizure detection.

Introduction. Epilepsy is one of the world's most
common neurological diseases, affecting more than 40
million people worldwide. Epilepsy's hallmark symptom,
seizures, can have a broad spectrum of debilitating medical
and social consequences [1].

The term epilepsy covers a large set of brain disorders
whose main symptom is the occurrence of so-called
epileptic seizures. There is no consensus among
researchers regarding the definition of epilepsy and
epileptic seizures. The most widespread and accepted
definition of an epileptic seizure which is also used in
textbooks [2] and within the clinical practice guidelines is as
follows [3]: epileptic seizures are suddenly occurring and
transient dysfunctions of the central nervous system due to
abnormal neuronal activity in the cortex.

Understanding of this dynamic disease evolves; new
possibilities for treatment are emerging. An area of great
interest is the development of devices that incorporate
algorithms capable of detecting early onset of seizures or
even predicting those hours before they occur. This lead
time will allow for new types of interventional treatment. In
the near future a patient's seizure may be detected and
aborted before physical manifestations begin.

Despite the fact that EEG is an important clinical tool
for diagnosing, monitoring and managing neurological
disorders, distinct difficulties associated with EEG analysis
and interpretation, which hindered its wide-spread
acceptance. Traditional method of analysis of the EEG is
based on visually analyzing the EEG activity using strip
charts. This is laborious and time consuming task which
requires skilled interpreters, who by the nature of the task
are prone to subjective judgment and error. Furthermore,
manual analysis of the temporal EEG trace often fails to
detect and uncover subtle features within the EEG which
may contain significant information, Hence many
researchers are working to develop an automated tool
which easily analysis the EEG signal and revel important
information present in the signal.

Electrocorticography or intracranial EEG is an EEG
directly recorded from the exposed surface of the cerebral
cortex during surgery. This recording technique has a
higher spatial resolution on plain EEG and is used to
localize epileptic foci prior to an epilepsy surgery.
Amplitudes recorded with ECoG are manifold higher than
in ordinary EEG recordings. Furthermore, ECoG is less
prone to biological and technical artefacts.

The problem of automated seizure detection is the first
step towards tackling many related problems, such as
seizure prediction, prevention, and early seizure abortion
[4]. Automated seizure detection and prediction have been
extensively studied in the context of human epilepsy [5].
Yet some of the more challenging problems in particular
seizure abortion and prevention using neurostimulation
methods, are currently being studied in animal models of
epilepsy (both in-vitro and in-vivo). Thus it is important to
develop solid seizure detection techniques for these animal
models also.

The work described below uses data from live (in-vivo)
rats with chronic epileptiform activity. The ECoG recording
was obtained at Bogomoletz Institute of Physiology of NAS
of Ukraine.

Description of the Methods. Data pre- processing.
For implementation of the seizure detection method, a
general data pre- processing cycle has been implemented.
This pre-processing cycle consists of three steps:

¢ noise cancellation

e power line interference cancellation (at 50 Hz )

e moving average with a Gaussian window

The first step provided by finding the coefficient of
variation (CV) which is a relative measure of statistical
dispersion. Given a discrete time series x[n] the coefficient
of variation

—o(x[n])
Cy ()=t ™)

where o(x[n]) — the ration of standard deviation, u(x[n]) —
the mean value. All ECoG recording which do have a small

C,(x[n]),i.e. G (X[ <005 iy pe ignored. Those data are
suspected to contain less information, because amplitudes
can hardly be distinguished from the noise.

The next step is to center time series x[n] by
subtracting the mean p(x[n]) to create a zero mean
time series:

x[n] = x{n] - w(x[n]) . (2)

The EEG recordings are prone to power-line interference.
Even on ECoG recordings power-line interference may have
influence. That is why a 50 Hz notch filter is applied.

Both physiological and pathological EEG activity can be
commonly observed in the range of 0.5-30 Hz [6]. ECoG
themselves are often recorded with a considerably higher
sampling rate, i/e/ greater than 200Hz (in our study
fy =416 Hz ). This over sampling might complicate seizure

detection using methods which analyze the morphology of
the recording, i.e. searching for specific patterns. This
issue can be solved by smoothing. In this work, a moving
average with a Gaussian window with a default length of
50 ms. Finally, a convolution of the time series and the

Gaussian windows is performed.
Stationary wavelet transform. In general, the he wavelet

transform w,(b,a) can be calculated by equation [7]:

wy(ba)=lal"? | x(t)-w*(%m (3)
The function wy(t) is called a wavelet ("small wave") or
wavelet function, eq. 3 is a continuous wavelet transform
(CWT), and w,(b,a) is also called the wavelet coefficient
of x(t) at scale a and transitional value b. Having the
wavelet coefficient and y(t) the time series x(t) can be
recovered using the inverse CWT.
© Gaidar V., Sudakov O., Radchenko S., 2016
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The discrete wavelet transform (DWT) is a
decomposition of the time series x(t) which can be

understood as a successive band-pass filtering and
downsampling. x(t) = xg(t) is decomposed into two parts:

y4(t) representing the high-frequent parts of xy(tf) and

x4(t) representing the low-frequent parts.

The DWT is computationally fast and can be
implemented by successive filter banks, and thus is an
important tool in signal and image processing [7].
Unfortunately, the DWT is not shift-invariant when applied
to discrete time series x(t), i. e. if the input time series

x(t) is shifted, the resulting coefficients may differ

severely. Therefore the stationary wavelet transform [8]
was invented. Principally, the SWT is DWT, but the
downsampling step is replaced by an upsampling. For the
seizure detection we need to detect rhythmic discharges of
frequency characteristics of specific frequencies. In context
of EEG analysis, two wavelets are commonly used: the
Daubechies 4 (Fig. 1) wavelet [9] and the Symlet 5 wavelet
[10]. In this work, the db4 wavelet has been used.

L 1.5

! 1

Fig. 1. The wavelet function y for a Deubechies 4 wavelet

After SWT for each scale a the calculated coefficients
can be considered as a time series y,[n]. Since the

different scales cause a different scaling of the coefficients,
the y,[n] need to be normalized (eq. 4) to be compared
among each other.

Xa[n] ) 4)
max(x[n])

The mean of the y[n] is calculated (eq. 5) resulting in

Xa[n] =

atime series ) [n] :

2[n1 = p(x,ln) - (5)

A threshold 9, is calculated using standard deviation

c of the time series >'[n] and a variable parameter A
which has to be provided by the user (eq. 6):

=1-o(X[n) (6)

This threshold is then applied to >'[n], such that all

values greater that 9, are labeled 1, else 0. The resultis a

binary time series B4[n] .
Data post- processing. In the previous section we

reviewed the single seizure detection methods generate
binary time series named B4[n] representing the indices

where a specific feature indicate the presence of a seizure.
These seizures need to be classified as epileptic or non-

epileptic. Therefore, the indices have to be translated into
possible seizure onsets and offsets. The post-processing
procedure is given on Fig. 2 [11]

[ n=0

For each index i

Questlon 1 Questlon 2 Questlon3 Questlon 4

Va \i/" \x/y“ < (

- - last=1 true
seizure = ast =i offsets(n)
triue

‘ nt=1 last
I
I

onsets(n)
Fi
last =i

opsets(n) = Ionte_ts_(_n) i
last=i ast=1

Fig. 2. Flowchart of the post-processing routine

The number of accepted seizures is given by the
counter n, thus initialized with 0. For classification lets
consider the general sequence of epileptic seizures [11]
schematically shown in Fig. 3

A A

a1 MMNW\ i

Vy——y

witial YT v U V Vo
flattering
Decrement of the discharge Postictal
. , frequency N ) phase
L] N |
Epileptic esizure
!

Fig. 3. Schematic representation
of the temporal sequence of focal epileptic seizures

The initial flattening, an unspecific reaction similar to
the flattening and desynchronisation of cortical activity
caused by strong environmental stimuli, that indicates
begin of a seizure. The discharges frequency decreases
during the ictal period, whereas the amplitude increases.
After the termination of the seizure, there is the postictal
phase described by low activity. The first detectable
discharges often occur with frequencies of 15 Hz. This
discharge frequency decreases during the ictal period,
whereas the amplitude increases. The decrement of the
discharge frequency is crucial to identify these patterns as
epileptic reactions.

The number of accepted seizures is given by the
Counter n, thus initialized with 0. Each index i =1... data
size is checked whether it is an epileptic seizure set or non-
epileptic. A minimum ictal phase of 5s is assumed and the
minimum interictal phase of 10s.

Rezults. In our case we had a data from live (in-vivo)
rats with chronic epileptiform activity collected from one
channel intracranial EEG electrode. The ECoG recording
was obtained at Bogomoletz Institute of Physiology of NAS
of Ukraine.

The obtained data is recorded in x[n]. The sampling

rate of EEG dataset is 416 Hz. After the preprocessing
cycle we obtained the data shown in Fig. 4.
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Fig. 4. The original ECoG dataset after pre-processing

The seizure detection method based on stationary wavelet
transform was applied. In context of analysis we used the
Daubechies 4 mother wavelet. After that, for each scale a,
the calculated coefficients can be considered as a time series
>[n]. All values of »'[n] greater than threshold value are
labeled 1, else 0. The result is a binary time series. The results
after seizers classification is shown at Fig. 5

For determine the effectiveness of implemented
methods of epileptic seizures detection we need to
evaluate such parameters as sensitivity and specificity.

Therefore, the true positive rate (TPR) and the false
positive rate (FPR) were calculated for all datasets of
1,5 hours (in average) ECoG recordings. Considering the
obtained sensitivity 2 88 % and specificity = 96 % for the
SWT methods, this method seems to provide results with
sufficient precision and could be implemented to create the
expert system of ECoG datasets analysis.

Conclusions. Currently there is a great deal of interest
in developing efficient methods to predict and prevent the
onset of seizures in epileptic patients. Our results indicate
that analogous to humans, a seizure event in a rat model
can be detected with high accuracy using stationary
wavelet analysis. Thus, in further it provides an opportunity
to create expert systems for classification of ECoG signals
and diagnosis the epilepsy seizures or even predicting
those hours before they occur.
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Fig.5. The binary time series indicating where
an epileptic seizures was detected

In Fig. 5 as dots marked binary time series that
classified as epileptic seizures, and as 'o' seizures that
are not considered as epileptic.
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OETEKTYBAHHA ENINENTUYHUX HANALIB
3 BUKOPUCTAHHAM CTALUIOHAPHOIO BEMBJET-NMEPETBOPEHHA

Eninencis € nowupeHUM XpoHiYHUM HE8POJI02iYHUM PO3/1ad0M, 8UKITUKAHUM MUMYacoeoro i Hernepedba4yygaHo esIeKMPUYHOI aKmueHicmio
20/108HO20 MO3Ky. Po3ansiHymo MexaHi3Mm, 3a OOMOMO20l0 $IKO20 eninenmuyHi Hanadu iKkcylombcsi 3 UKOPUCMAaHHAM OOHOKaHasbHOI
enekmpoeHyegpanozpamu (EEl), 3HAMOi 3 noeepxHi Kopu 20/106HO20 MO3Ky. 3anpornoHoeaHo nidxid, 3acHoeaHuli Ha eUKOPUCMaHHI
cmauioHapHozo eeligniem-nepemeopeHHsi (CBI1), wjo po3knadae cuzHan enekmpokopmikozpamu (EkI) y tiozo niddiana3oHu Ons eusienieHHs
pummiyHux 36ypeHb. [JaHy ModugbikosaHy npouyedypy o6pobku daHux 3acmocoeaHo Onsi ideHmudgpikayil eninenmuy4Hux Hanadie.

Knro4oei cnoea: eninencis, EEI, eelienem-nepemeopeHHsi, HelipoHHa Mepexa, kKnacugikayisi, 0emekmyeaHHs1 Hanadis.
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OETEKTUPOBAHUE ENENENTUYECKUX NMPUNALOKOB
C UCNOJNIb3ABAHMEM CTALIMOHAPHOOI'O BEMBIET-NMPEOBPA30OBAHUA

dnunencus siensgemcs pacnpocmpaHeHHbIM XPOHUYECKUM HEe8POoJI02UYeCKUM paccmpolicmeoM, ebi38aHHIM 8peMeHHOU U HernpedckalyemMol
anekmpuyeckoli aKmueHOCMbIO 207108 H020 MO32a. PaccMompeH MexaHU3M, ¢ MOMOUWbI0 KOMOPOo20 3nusenmuYyeckue npunadku ¢ukcupyromcs ¢
ucnonb3oeaHueM oOHOKaHaslbHOU 3nekmpoaHyeganozpammbl (33), cHAMOU ¢ noeepxHocmMu Kopbl 20/108H020 Mo32a. [lpednoxeH Modxod,
Komopili ocHO8aH Ha UCMoJIb308aHUU CMayuoHapHo20 eeliesiem-npeobpa3soesaHusi (CBI1), ymo pazbusaem cuzHan enekmpokopmukoapambi (IKT)
Ha e2o nodduana3oHbl Onsl 8bisie/IeHUs PUMMUYECKUX 803MyuwieHuli. JaHHasi ModugpuyupoeaHHasi npoyedypa ob6pabomku OaHHbIX MPUMeHeHa
0Ons udeHmughukayuu anusenmMuYecKux npunadkos.
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HEATING TEMPERATURE DETERMINATION
OF THE "SILICON STRUCTURE WITH DIELECTRIC INSULATION™

This paper describes a method of determining the temperature, based on the calculation of the I-U curve of the silicon
structure, prepared with technology "silicon with dielectric insulation” (SSDI) and comparing it with experimental I-U curve. The
results of the SSDI heating temperature were compared with estimated from spectral measurements.

Keywords: method, temperature, silicon structure, dielectric insulation, spectral measurements.

There are various methods for the semiconductor
temperature determining: using a thermocouple [6],
using semiconductor conductivity dependence on the
temperature [3, 5] etc. But all these methods can not be
applied in this case because of the small size of
structures [4].

The purpose of this study was to compare the
proposed method of determining the temperature based
on the calculated /-U curve of SSDI and its comparison
with experimental /-U curve. The results of the SSDI
heating temperature were compared with estimated from
spectral measurements.

Determine the conditions necessary for the

evaluation of temperature T . At the point x,,, where
the temperature obtains the highest value T,,, the rate

of change in concentration of electron-hole pairs g=0.
At this point it is defined only by generation
(recombination) and diffusion, and at low concentrations
also by bipolar drift. If the first process mostly affects the
concentration of pairs and pair lifetime t much smaller
than the time of the temperature change, then at the
point x, implemented the thermodynamic equilibrium
concentration of electrons n and holes p.

Thus, for values of temperature T, >T; values

electrons and holes are
n=p=pi(Ty), where

3
p,-:7,54~1015T/2exp(-6493/T) thermodynamic equ-
ilibrium concentration of electron-hole pairs in silicon
with intrinsic conductivity (p; was defined in [cm'3],

of concentrations  of
defined using equations

T —in [K]). The current flowing through the silicon film,
quasistationary varies with temperature and can be
defined as

I = wd5;p; (T W [E(m). T |+ Vo [ECXm 1, T ]f - (1)
Here v, and v, - drift velocity of electrons and

holes, E(x,,) — the electric field, w — characteristic size
of the structure.

In equation (1) the value of the electric field E(x,,)
replaced with average value U/a (U — voltage across

the sample, a — sample length). Using empirical
expressions for the drift velocity [2]:

1421097 2%E

467’0,17 1/2,5741 0’27'0,66 ’
{1 + (E /1,247 168 )0 :l

Vp =

1,31.1087722F

0,17
{1 +(E/ 1,24T1’68)O’46T }

(2)

VvV, = ’
n 1/0,46.717

dependence [(T,,,U) was calculated. Comparing with
recent experimental /-U curves, obtained at U > U, , the
temperature T, was defined. Said replacement does
not lead to significant errors in determining T,,,
because of the dependence p;(T,,) current (1) depends
on 1/T,
dependence on (v, +v,) and E(x,,) is linear. Thus, the

approximately exponentially, while its

dependence T,, vs E(x,,) is weak.
Let's estimate the error at determination of the
temperature T,,. This error is due to the electric field

value replacement to E(x,,) by mean value U/a along

the sample. Because of this change, drift velocity of
electrons and holes (2) were determined with an error.
This leads to that calculated using the formula (1) are
referred to the temperature error. Estimation of error
gives the maximum 5 % [1].

It should be noted that in the worst case considered
in determining the error when it was taken to consider
the greatest possible difference in valuesv . So in fact it
even less.

Some temperature values T, and concentration

pi(Ty,) is shown on Fig. 1 at appropriate experimental

points. When the current is increased, increasing the
temperature from 1100K to 1320 K and carrier
concentration from '1,8-1016 em™ to 5,7-1017 cm™. At

voltage value U, the temperature T, =T; =810K, and
the concentration p; was 1,5-10"° cm™®, which is three

times higher than the initial concentration of carriers in
the silicon film.

© Gandzyuk V., Grygoruk V., Ishchuk L., Onysko Yu., Pavlyuk S., Solomenko O., 2016
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The properties of the structure changed irreversibly,
when at U ~8V temperature structure reached values

1800 K, and flowed through it direct current /g .

Fig. 1. I-U curve of SSDI.
The numbers to the left of the curve near
the experimental points marked spectral values,
and the right — the calculated value by equation (1)

Study of system parameters was performed by
emission spectrometry. The emission spectra
registration procedure uses the system which consists
of optical fiber, the spectral unit S-150-2-3648 USB, and
the computer. Fiber is focusing on the light strip in the
middle of the working sample. The spectrometer works
in the wavelength range from 650 to 1100 nm. The
computer is used in both control measurements process
and data processing, received from the spectrometer.

Fig. 2 shows the emission spectrum of the system
during work: current — 0.62 A, voltage — 6.9 V.

4,0 -
3,5 -
3,0 4
2,5 -
2,0 -
1,5

l, a.u. x10°

i d

1,0
0,5 M

0

A, nm

650 750 850 950 1050

Fig. 2. Typical emission spectrum of the system

Based on the continuous nature of the emission
spectra, we compared the experimental results with the
calculated spectra of the blackbody radiation.
Calculations have been performed by using Planck's
formula:

-1
hc? hc
|=——exp|—|-1| . 3
23 { {i) } )
Fig. 3 shows the comparison of the experimentally
measured emission spectrum (current — 0.77 A,
voltage — 7.1 V) with the calculated spectra of

blackbody radiation computational grid with step of
300 K in the temperature range from 1500 K to 2100 K.
All spectra are normalized to the intensity, which is
located at a wavelength of 850 nm. Fig. 2 shows that

the spectrum corresponds to a temperature of
1800 £ 300 K.
1,8 -
I, a.u.
1,6 - |
—lexp
141 iT=1500k i
1,2 - =
—1.T=1800K M"
1,04 . T=2100K
0,8 - =
0,6 -
0,4

A, nm

T T T T

650 700 750 800 850 900 950

Fig. 3. Comparison of experimentally
measured emission spectrum
with the calculated spectra of black body radiation

Analyzing the results, we can conclude that
theproposed methods for self-heating temperature
measuring of the SSDI complement each other.
Calculation method gives the most accurate results
ina high field (current values 0.5-0.6 A), and the
spectral method - in sufficient brightness (current
values 0.6-0.9 A).
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HIGH-VOLTAGE FULL-CONTROLLED GAS DISCHARGE COLD-CATHODE TETRODE

The construction and operation of a high-voltage tetrode on the base of high-density magnetron glow discharge with cold
cathode are considered. The tetrode operates in the thyratron mode as a closing switch, in the tacitron mode as a
closing/opening switch and as a tacitron with automatic limitation of maximum anode current.

Key words: gas discharge tetrode, cold cathode, magnetron discharge, thyratron, tacitron, current limiter.

Introduction. Gas discharge switch devices such as
thyratrons, spark gaps, and ignitrons have enjoyed great
success in closing-switch pulse applications (in radar and
laser technique, plasma technology, etc.) where high pulse
currents must be switched from high-voltage energy
storage on short time scales with low forward-voltage drop
during conducting period (FVD) [1, 3]. At the same time,
gas discharge devices are not usually considered as
repetitive fast opening switches, although there are some
devices, which are able to open the pulse circuits or
interrupt high currents at high voltage [1, 6]. Such devices
are desired for enhancing pulse rate and simplifying pulse
circuit topology. A good example is tacitrons (low-pressure
gas discharge triodes with very dense grid) [1]. It works as
thyratrons during ignition and conduction periods, but as
vacuum triodes during switch-off period; hence, the
tacitrons may be considered as a high-voltage fully
controlled switch. The tacitrons, due to high switched
voltage but low FVD, occupy the niche between high-
voltage vacuum tubes with high FVD and low-voltage high-
power transistors [1]. Unfortunately, tacitrons contain hot
thermionic cathode with well known demerits, therefore the
development of tacitrons with a cold cathode is the vital
problem. The cold cathode may provide long lifetime, fast
readiness and other relevant excellent parameters. This
work deals with development and investigation of the
tacitron-type cold cathode tetrode with two control grids,
which can not only interrupt the current but limit (restrict)
this current, too. Besides, the tetrode will be study as a
tandem switch device, in which the ond grid is used as an
anode of the first cascade for amplification of the triggering
signal and control of recovery of anode voltage hold-off.

Electrode structure and operation of experimental
gas discharge tetrodes. The electrode structures of
experimental tetrodes is built on the base of the inverted
gas-magnetron [4] consisting from a hollow non-externally-
heated (cold) cathode 1 and a coaxial auxiliary pre-ionizing
electrode 2, which are surrounded by permanent magnet
with axial field (Fig. 1). The cathode diameter is 40 mm.
The 1% and 2™ grids, respectively 3 and 4 in Fig. 1, have
disk-like shape and annular slots of 3 mm width. In
experimental tetrode Ne 1, the annular grid slots are
covered by dense molybdenum wire mesh. In tetrodes
Ne 2, the 1° grids have no mesh covering. In both the
tetrodes, gaps (d) between all grid disks and between the
2" grid and the plat anode 5 equal 5 mm. The cathode is
made from molybdenum (Mo shows itself as weakly
sputtered cold cathode material in hydrogen discharges).
The grids and the anode are made from X18H10T steel
disks of 0.5 mm thick. The tetrode electrode structures
have been mounted inside sealed glass envelopes of
industrial thyratrons. The hydrogen filling is due to Ti-H
generators disposed within the envelopes. The hydrogen
pressure p = 10—40 Pa and is regulated by heating the
Ti-H generators.

1

TS T —

i

Fig. 1. Schematic structure of experimental tetrodes:
1 - hollow cold cathode,
2 — auxiliary pre-ionizing discharge electrode;
3-1% grid; 4-2" grid; 5 — anode; 6 — supplemental element
for facilitating the firing of the starting discharge
to the 1% grid

Fig. 2 depicts the operational electrical scheme for
investigation of the gas discharge tetrodes.

4 6

1

Fig. 2. The operational electric scheme: 1 — tetrode,

2 - high voltage supply (anode energy storage), 3 — load,
4 — starting (triggering) pulse generator for the 1% grid,
5 — ballast resistor, 6 — power source
for the auxiliary pre-ionization electrode
(for supplying the auxiliary pre-ionization discharge),
7 - control pulse generator for the 2™ grid

The DC power source 6 applies a positive voltage
(~250V) to the electrode 2 (Fig. 1) and maintains the
auxiliary pre-ionization glow magnetron discharge with
current of some tens of milliamperes in the cathode cavity.
This discharge stabilizes firing a starting discharge
between the cathode and the 1% grid after applying a
positive pulse from generator 4 to this grid. If current of the
starting discharge /1 is higher of some critical value /., and
the anode current [, also becomes higher than a critical
one, the main discharge is established between the anode
and the cathode though the openings (slots) in the grids.
For triggering the tetrode, a positive pulse with peak
voltage of 1-3 kV may be applied to the 2 grid, too; but
triggering is possible even with the grounded 2 grid at

© Drozd l., Kuzmichev A., Pinkavsky A., 2016
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very high starting current (up to and higher 160-180 A) to
the 1% grid. The high voltage supply 2 with capacitor
energy storage provides anode voltages U, up to 20 kV
and pulse anode current of the main discharge /5 up to 600
A at pulse duration 14 ps.

Some words about the type of discharge supported by cold
cathode. The average cathode current density reaches 0.1—
10 A/lcm?. The average current density in the openings (slots)
in the grids and on the anode reaches 2.5-250 A/lcm*. So, the
high density glow magnetron discharge between the common
cathode, on the one hand, and the grids and the anode, on the
other hand, occurs in the tetrode. The crossed electric and
magnetic fields (ExH) within the cathode cavity provides
beautiful conditions for gas ionization by secondary cathode
electrons, emitted due to bombardment of the cathode surface
by plasma ions, and generation of dense discharge plasma [4].
The effect of enhancing gas ionization in ExH field is due to
enlarging secondary electron trajectories at low pressures. The
plasma surface in the openings of the 1 grid serves as an
electron emitter for the anode part of the device. The current of
emitted electrons is amplified by some gas ionization on the
path to the anode and initiates the main discharge. From this
moment, the closing/conductive phase of the switching process
is established. Closing time, determined by anode voltage fall
from U, down to FVD (AUs), is order of 0.1 ps.

The products of gas pressure p and gaps d between
the grids and between the 2 grid and the anode are very
small (d =5 mm); that is corresponding to pd values at the
left of the left branch of Paschen curve. Hence, the self-
maintained discharges between the grid disk and the
anode are impossible (as in vacuum) and we have the
combination of gas discharge part (in the cathode cavity)
with vacuum conditions in the grid/anode part. However,
said above ion generation by electrons emitted through the
1% grid and partial ion compensation of electron space

charge in the anode part make the different case as
compared with the real vacuum tetrode tube. The electron
charge compensation by ions provides low FVD of gas
tetrode relatively vacuum tubes.

Results of tetrode Ne 1 investigation. The
experiments with tetrode Ne 1 showed there are three
ranges of operation parameters and three associated with
them operation modes. Consider them for U, = 10 kV.

The first range relates to the usual thyratron mode. The
conditions for this mode are: the 1% grid current /1 > I 1 at
the 2™ grid voltages 0 < U, <3.5kV (ler1 ~ 160-180 A at
U =0 and i1 ~ 10 A at Uz = 3,5 kV). This mode provides
only closing operation. The value of anode current is
determined by the anode circuit. The dense plasma fills the
space from the cathode to the anode with contraction of the
plasma column in the grid openings. The tetrode structure
with two dense grid ensures recovery of anode voltage
hold-off for several microseconds (Table 1).

The second range relates to the tacitron mode with the
possible anode current interruption, i.e. it ensures the full
control. For this: Jyo<h<ly1, 1.5kV<U,<25KkV,
ler2 <60 A. In this operation mode the value of anode current
is determined by the anode circuit as in the thyratron mode.
However, the decrease of U, down to negative values (~—
300V at I, <75 A) or even to zero (at I, <50 A) interrupts the
anode current for several tenths of microsecond (Table 1).
Such effect occurs due to the relatively thick ion sheet (5)
surrounding the mesh wires covering the slot of the 2nd grid at
negative or zero voltage (6 becomes larger half of distance
between the wires) and, ultimately, blocking passage of
electrons through the slot towards the anode. Blocking is
possible due to negative potential of the 2" grid relatively the
local plasma potential and formation of the potential barrier for
electrons within the grid openings.

Table 1
The parameters of the experimental tetrode Ne 1
. Maximum
Ma)ﬂlr;l:m cathode Maximum anode current densit Anode voltage
Operation mode :no de current Alem? Y hold-off
density, recovery, us
current, A Alcmy

Thyratron 500 10 250 8

Tacitron* 75 1,5 35 0,7

Current limiter* 5-18 0.4 9 0,3

Peak pulse anode voltage U,: 10 kV. Average anode current /, ,,: 150 mA; Anode pulse duration: 1-4 us; Voltage

drop in active mode AU,: 300—650 V, Closing time, determined by anode voltage fall: ~ 0.1 ps.

* The opening time is determined by anode voltage hold-off recovery.

The current density through the grid openings and the anode current density are suggested to equal each other.

The third range relates to the current-limiting mode L, A
with saving possibility of the anode current interruption. 16 N
For this /1 =10-25A, U, =0.7-1.5kV. Such mode is /
very interesting for practical applications; therefore 14 / ~N ] U;=1,4 kV—
consider factors affecting the value of restricted anode 12
current. Fig. 3 illustrates capability of the device to limit 10
) . [ /’“\.\ 1,2 kV

(restrict) anode current in the case of shorted load 8 _— 1KV 1
circuit. The case was modeled by shunting the anode 6 ;U/"\ 01kV'
load resistor with a thyratron. One can see, our device T R

. . 4 et 0,9 kV 1
behaves in this case as a vacuum electron tube of beam
tetrode type. Fig. 3 shows the maximum possible values 2177
of the anode current for the given /1, U and U,. The less 0

12 3 4 5 6 7 8 9 U,kv

current values at the same U, and U, are determined by
the load resistance and /4.

Fig. 3. Anode current I, dependence on anode voltage U,
and control pulse voltage U,
when load resistance equals zero. I, =25 A
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We can propose the following explanation of curve
behavior in Fig. 3. Firstly, the main discharge to the anode
is a non- -self-maintained one supported by the discharge on
the 1% grid, some plasma particles penetration into the gap
1% grid— “ond grid and then plasma electron penetration into
the anode gap. Moreover, the latter forms a beam-like flow
in the gap before the anode. The current in the anode gap
is transferred by an electron beam emitted by low dense
plasma cloud below the 2 grid and passing through the
grid slot. The existence of the beam-like flow is due to
small pd in the anode gap and anode current density less
than 10 A/cm? (at such conditions the anode plasma does
not form [2]). The case is similar to electron processes in
the vacuum beam tetrode and plasma cathode electron
sources [5]. Secondly, the maximum on the curves at
U, ~ 2 kV may be caused by some gas ionization with the
electron beam and electrons reflected from the anode. At
higher values of U, the cross section of electron ionization
decreases and electron beam amplification is weak.
Thirdly, the growth of the anode current at the beginning
(Ua ~ 0.5-1 kV) with the growth of U, may be caused by
attracting plasma electrons by the anode field through the
2 grid slot and due to less capture of electrons by the
mesh wires of the 2™ grid.

Table 1 presents the main parameters of the
experimental tetrode Ne 1. The values of current
densities on the anode and through the grid openings
were determined by the ration of /; to the aria of the
opening (slot) in the 1%t or 2" grid. The average anode
current /.oy was limited by value of 150 mA by reason of
using the glass envelope for the experimental tetrode
and bad cooling of its electrodes.

Results of tetrode Ne2 investigation. The
experiments with tetrode Ne 2 showed its characteristics
are similarly to ones of the tetrode Ne 1 and demonstrate
the possibility to work in thyratron and tacitron modes. In
the thyratron mode, the tetrode Ne 2 passes maximal
currents, which equal to values shown in Table 1.
However, the value /1 is much smaller: for instance, the
value of /1 was about of 1 A at U, = 3,5 kV against 10 A
for the tetrode Ne 1. Obwously, this is due to higher
electrical transparence of the 1 grid in the tetrode Ne 2
than in the tetrode Ne 1 with the dense wire mesh on the 1°
grid. At the same time the tetrode Ne 2 saves ability to
interrupt the anode current up to 6OA at U, 10kV by
applying a negative voltage to the 2 grid in the range 0.1—
1 kV. But the time of anode voltage recovery during current
interruption is longer (~ 1 us) against the tetrode Ne 2.

The current-limiting mode is not realized in the tetrode
Ne 2 in the same measure as in the tetrode Ne 1. In the
tetrode Ne 2, the cathode plasma species freely diffuse
through the wide opening of the 1% grid with relatively small
losses and the plasma emitter of electrons towards the
anode forms in the close vicinity of the 2" grid slot. It
facilitates firing the self-maintained discharge with non-
limited current to the anode. So, the experiments showed
the current-limiting mode in the tetrode Ne 2 occurs only in
the milliampere range and has no practical interest.

The standard method of tetrode triggering consists in
applylng two pulses to the grids; moreover, the triggering of
the 2™ grid needs high voltage and high power pulses in
order to generate dense plasma in the close vicinity of the
2 grid slot but far from the cathode. It was suggested to
convert the two-grid tetrode into the tandem two-cascade
switch device controlled by one pulse of low voltage and
low power applied only to the 1 grid. In this case the 2
grid will be serve as an anode of the first cascade; the
power supply of the 2" grid may be of DC type.

The electrical scheme depicted in Fig. 4 has been use
for carrying out the experiments with the tetrode Ne 2 as
the tandem switch. Its difference relatlvely the scheme in
Fig. 1 consists in modification of the 2™ grid circuit. This
circuit contains two capacitive energy storages 8 and 10,
which are discharged after ignition of the starting discharge

on the 1° grid. The discharge of capacitors 8 and 10 may
be interpreted as the second starting discharge for initiation
of discharge to the anode and triggering the tetrode as the
whole. Thus, both the grids together with the cold cathode
present a first stage (cascade) of the tetrode where the 2
grid serves as a temporary anode. Respectively, the anode
part of the tetrode may be considered as a second stage
(cascade) of the tandem switching device.

L
8T T10

Fig. 4. The operational scheme for tandem switching:
1 - tetrode, 2 — high voltage supply (anode energy storage),
3 —load, 4 — starting pulse generator for the 1* grid,

5 — ballast resistor, 6 — DC power source for supplying
the auxiliary pre-ionization discharge, 7 — DC power source
of positive voltage for charging capacitors 8 and 10,

9 — ballast resistor, 11 — coil for recharging capacitor 10

The capacitor 8 provides fast growth of the 2 grid
current and fast filling of the gap below this grid with
plasma. The capacitor 10 together with 00|I 11 provides the
desired duration t of positive pulse of 2 grid current as
well as recharging the capacitor 10 from positive to
negative voltage. The value of t is to correspond to the
duration of anode current pulse. Thus, the negative
potential of the 2 grid must act in the post-discharge
period during recovering the electrical (anode voltage)
hold-off of the tetrode. Fig. 5 demonstrates behavior of the
2 grid voltage U, during the whole pulse process.

Ra, Ry, U, kV
15} [=
14} Jfa R’f/ﬁ
| |I ,r
=]
5

o[ LS
0 o|y4o 60 8b1oo| t, us
1

Fig. 5. Recovery of anode (R.) and 2" grid (R;) voltage
hold-off and time diagram of U, for operation with pulse rate
of 10 kHz. I, =500 A, T = 4 ps, the voltage of the charged
capacitors 8 and 10 equals 2.5 kV

0

Testing of the tandem switching devices has been
fulfilled in the thyratron mode in order to determine the
possibility of realization of the tandem mode. The
experiments confirm reality of such operation.

The next part of experiments with the tetrode Ne 2
dealt with post-discharge processes and characteristics.
In particular, we study recovery of electrical hold-off of
the tetrode. This parameter determines the maximum voltage
applied to an electrode but not causing electrical breakdown
or self-firing of a discharge to the electrode. For measurement
of recovery characteristics we used the special scheme, in
which the first pulse generator passed a pulsed current
through the tetrode and then, with some regulated delay, the
second pulse generator applied a pulsed high voltage to the
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tetrode. The recovery characteristic depicts values of the
minimum breakdown voltage at different delays after the finish
of tetrode current pulse.

The 2™ grid circuit provides not only firing the second
starting discharge for initiation of discharge in the anode
gap but also creating conditions for fast recovery of
electrical hold-off of the anode gap in the post-discharge
period. The former takes place due to the positive voltage
of the capacitors 8 and 10 in the pre-discharge period; the
latter occurs due to the automatic recharge of the capacitor
10 from positive to negative voltage during the conductive
period. Fig. 5 (the R; curve) shows small delay (~ 5 us) of
the recovery beginning and how quickly grows the
electrical hold-off of the anode gap. For the comparison:
R'a curve demonstrates much slower recovery and larger
delay (~22pus) of the recovery beginning when the
negative voltage is not applied to the 2 grid in the post-
discharge period and the recovery is based only on the
deionization process within the grid and anode gaps.

The role of negative bias of the 2" grid consists in creation
of ion sheets around the mesh wires in the grid slot and
removal of plasma surface, serving as an electron emitter for
the anode gap, below the grid. It leads to shut down of plasma
electron emission towards the anode and allows application of
voltage to the anode without discharge firing.

The DC power source 7 (Fig. 4) provides the secondary
recharging of the capacitors 8 and 10 to positive voltage in
order to create conditions for the next pulse switching
process as it is shown in Fig.5 (the U, curve). The
management of the secondary recharging must take into
account the dynamics of electrical hold-off of the 2™ grid.
Fig. 5 (the R, curve) depicts recovery characteristic of this
grid. One can see the hold-off recovery of the 2™ grid is
much slower than the hold-off recovery of the anode. This
may be explained bX the high electrical transparence of the
1% “grid for the 2" grid field respectively the electrical
transparence of the 2™ grid for the anode field.
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In our case, the secondary recharge of the capacitors 8
and 10 needs at least 100 us (see Fig. 5, the U curve), and
maximal pulse rate will be 10 kHz. The high pulse rate is also
possible, e. g. 40 kHz, but the control method similar to one
employed for control of the tetrode Ne 1 should be used: at the
first 25 ps of the post discharge period, the negative voltage is
to apply to the 2m grid; then positive pulses are applied to both
the grids for triggering the tetrode.

Conclusion. The experiments with cold cathode tetrodes
based on the dense magnetron glow discharge showed there
are three ranges of operation parameters and three
associated with them operation modes: the thyratron mode as
a closing switch, the tacitron mode as a closing/opening
switch and as a tacitron with automatic limitation of maximum
anode current. The tetrode may be used as the tandem switch
device with the 2™ grid as a temporaty anode of the first
cascade. Such approach allows to use only one starting pulse
applled to the 1% grid for triggering the tetrode. The choice of
higher electrical tranparence of the 1t grid allows realizing the
internal amplification of starting pulses in the tandem mode
and decreasing the power of the control generator.

REFERENCES

1. Bochkov V. D. Impulsnye gazorozryadnye kommutiruyushie pribory
/'V. D. Bochkov, Yu. D. Korolev // Encyclopedia nizkotemperaturnoy plazmy.
Vvodnyy tom. Kniga IV. — M. : Nauka, 2000. — S. 446-459.

2. Boldasov V. S. A low-pressure, non-self-maintained high-voltage discharge
/V.S.Boldasov, A.l.KuzZmichev and D.S.Fillipychev // Radiophysics and
Quantum Electronics, 1984. — Vol. 27. —Ne 7. — P. 656-663.

3. Gas Discharge Closing Switches / ed. by G. Schaefer, M. Kristiansen.
and A. Guenther. — N. Y. : Plenum Press, 1990.

4. Kuzmichev A. Magnetronnye raspylitelnye sistemy / A. Kuzmichev.
— Kiev : Avers, 2008.

5. Oks E. Plasma Cathode Electron Sources: Physics, Technology,
Applications / E. Oks. — Weinheim : Wiley-VCH Verlag, 2006.

6. Schumacher R. W. Low-pressure plasma opening switches
/ R. W. Schumacher, R. J. Harvey // Opening switches ; ed. by A. Guenther,
M. Kristiansen and T. Martin. — N. Y. : Plenum Press, 1987. — P. 93-129.

Submitted on 16.10.16

BMCOKOBOJIbTHUA NOBHOKEPOBAHUW FTA30OPO3PSAAAHUA TETPO
I3 XOnogHUM KATOAOM

Po3zansiHymo koHcmpykuito i po6omy eucokoeosibmHo20 mempoda Ha OCHO8I W,ifIbHO20 Ma2HempPOHHO20 MJIit04020 PO3PsIdy 3 XOS00HUM
kamodom. Tempod npauyroe 8 MuUpPamMpPOHHOMY PeXuMi sIK eMukaroyuli npunad, y macimpoHHOMY peXxumi — sik eMukaroyuli/eumukaroyuil npunad,
a sIk macimpoH — 3 a@momMamu4YHUM 06MeXeHHSIM MaKCUMaslbH020 aHOGHO20 CmpyMy.

Knro4oei cnosa: 2azopo3psadHuli mempod, xon00HuUl Kamod, MazHempPOHHUU po3ps0, MUPamMpPOH, MacimpoH, obmexysad cmpymy.

W. Opo3a, accucr.,

A. Ky3bMHNY4éB, KaHA. TeXH. HayK,

A. MuHbKaBCKUWA, CTYA.,

kachepa aNeKTPOHHbIX NPUGOPOB M YCTPOUCTB

haKynbTeT INEeKTPOHMKN

HaumoHanbHbIN TexHMYeckui yHuBepcuTeT YkpaunHbl "KIMU", Knues

BbICOKOBOJ1bTHbIA FA30PA3PSAAHbBIA TETPOA C NONMHbLIM YIPABNEHUEM
M XonogHbIM KATOOOM

PaccMompeHbl KOHCMPYKyusi u paboma 6bICOKO8O/IbMHO20 mempoda Ha OCHO8e I/IOMHO20 Maz2HEeMPOHHO20 mileouje2o paspsida ¢
X0/100HbIM KamodoM. Tempod pab6omaem € mMuPamMPOHHOM peXume KaK eKmoyYarwuli npu6op, 6 macumpoHHOMY pexume — Kak
sKnoYarowuli/ebiknoYaowuli Npu6op U Kak MacumpoH — ¢ a8moMamuyeckuM o2paHUYeHUEeM MaKCuMasibHoO20 aHOOHO20 MoKa.

Knroyeenie croea: 2a3opa3psiOHbIli mempod, Xos100HbIl Kamod, MacHempPOHHbIU pa3psid, mupampoH, MacumpoH, o2paHU4Yumersb MokKa.



~30 ~ B 1 C H M K KmiBcbkoro HauioHanbHOro yHisepcurery imeHi Tapaca lllesueHka ISSN 1728-3817

UDC 537.525:621.325
I. Melnyk, Dr. of Tech. Sci.,
I. Chernyatynshkiy, stud.,
N. Piasetska, stud.,
Electronic Devices Department, Electronic Faculty,
National Technical University of Ukraine "Igor Sikorskiy Kiev Polytechnic Institute”, Kyiv

ITERATIVELY METHODIC OF SIMULATION OF TROIDE HIGH VOLTAGE GLOW DISCHARGE
ELECTRODES SYSTEMS WITH TAKING INTO ACCOUNT THE TEMPERATURE
AND MOBILITY OF SLOW ELECTRONS IN ANODE PLASMA

Iteratively methodic of accuracy simulation of energy distribution and the time of discharge current rising in the high voltage
glow discharge electrodes systems with taking into account the temperature and mobility of electrons in the anode plasma is
considered in this article. The designation feature of proposed methodic is relatively high accuracy of calculations and absence
the necessity of references to do not verified approximated discharge plasma parameters from the literature. The calculations
provided iteratively and interrupted, when the positions of anode plasma boundary, calculated from the sides of the cathode-fall
region and of anode plasma was equal with specified required accuracy. Obtained simulation results are in good agreement both
with the results, published early, and with obtained experimental data.

Keywords: high voltage glow discharge, triode electrodes system, electrical control of discharge current, anode plasma,

electrons’ temperature in plasma, electrons’ mobility in plasma, iteration algorithm.

Introduction. High Voltage Glow Discharge (HVGD)
electron sources are widely used in industry for electron
beam welding of thin-wall items in the medium of soft
vacuum, for deposition of chemically-complex ceramic
coatings in the medium of active gases, for annealing of
different materials and parts of mechanisms, as well as
for refining of refractory materials [2, 7, 8]. It caused by
the advantages of this type of electron sources, which
are follows:

— possibility of providing the technological operations in
the soft vacuum in the medium of different gases, including
noble and active ones;

— relative cheapness of the sources and of electron-
beam technological equipment, including evacuation
system;

— relative simplicity of realizing control of beam
current by continuous changing the pressure in
technological chamber;

— providing of very high quality of produced items and
low percent of its defects [2, 7, 8].

But for providing advanced electron-beam technologies,
based on the HVGD electron sources, in the modern
electronic, instrument making industry, mechanical
engineering and metallurgy, fast and precision control of the
power of formed electron beam is usually necessary. It is
caused by necessity of producing the identically items with
required electrical, mechanical and thermodynamic
parameters without unsuitable deflections and defects [2, 7,
8]. Therefore using of gas-dynamic control systems with the
time regulation constant range of few second [5] is not very
suitable to such applying of these sources. By that reason
using of triode HVGD electron sources with changing the
anode plasma (AP) parameters by lighting of additional low
voltage discharges is very perspective for further
development of those technologies [3, 11]. Its allows also
applying the impulse regime of operation of this types of
electron source, which lead to possibilities of obtaining new
crystal and film materials with unique properties [2, 7, 8].

The main technical problem for further realization of
electron-beam technologies, based on triode HVGD electron
sources in the different branches of industry, is absence of
accuracy model of such electrodes systems with defining
and taking into account thermodynamic anode plasma
parameters. Proposed early model is mainly correct and
adequate, however it is not closed parametrically, because
the approximated thermodynamic parameters of anode
plasma not calculated, but taking from the scientific literature
[3, 11]. Therefore today the forming of correct and adequate
model of triode HVGD gap on the base of pervious
investigations with taking into account AP parameters, such
as electrons' temperature and mobility, is very actual

scientific task. This article is devoted to the describing the
general method of solving this complex problem.

Main physical and geometrical parameters of
simulated triode electrodes' system. The structure
scheme of triode high voltage glow discharge
electrodes' system with ring-like additional electrode for
lighting of non self-sustained arc discharge is presented
on the Fig. 1. It must be pointed out, that another form
of additional electrode, for example cylindrical or plain,
is also possible, but in any case the physical conditions
of discharge maintaining must be corresponded to
hollow cathode regime [4].
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Fig. 1. Scheme of HVGD triode electrodes system
and its supplying. 1 — cathode; 2 - HVGD anode;
3 —ring-like electrode for lighting of additional discharge;
4 — low-voltage power source for lighting of additional discharge;
5 — high-voltage power source; 6 — high-voltage insulator,
7 — low-voltage insulator, 8 —electron beam, 9 —ions’ flow;
10 — anode plasma, 11 — plasma boundary, 12 - treated item

It is clear from the Fig. 1, that main geometrical parameters
of triode HVGD electrodes' system are follows.

1. Longitude size of discharge gap .

2. Transversal size of discharge gap d.

3. Distance from the cathode surface to the AP
boundary dcp.

The main electrical parameters of the considered system
are follows.

1. Acceleration voltage U.c, applied between the cathode 1
and HVGD anode 2 of electron source.

2. Voltage of additional discharge U, applied between the
HVGD anode 2 and additional electrode 3. It mast be pointed
out, that for additional discharge, corresponding to the
circuit scheme, presented at Fig. 1, HVGD anode 2 is
considered as the cathode.

© Melnyk ., Chernyatynshkiy I., Pyasetska N., 2016
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It is also important, that for the impulse regime of operation
of triode HVGD electron source must be considered two
different values of voltage of additional discharge U, namely:
voltage in impulses Uy and voltage in pauses between
impulses U. [8]. Position of plasma boundary, as was pointed
out in the papers [3, 9—11], is depended from the control voltage
U, therefore in impulse regime of operation two values of
cathode-plasma distance dg are considered. Value dgp
corresponded to the voltage on additional electrode in impulse
Uc1, and value dgo — to the voltage Uyo. In HVGD electrodes
systems increasing of particles concentratons in AP
corresponded to its greater volume and to smallest value of dg,
therefore for impulse regime of HVHD lighting relation

dch > dcm s (1)
is always satisfied [3, 9, 11]. Corresponded geometry model of
HVGD electrodes' system is also presented at the Fig. 1. In
some formulas except cathode-plasma distance dy, using of
plasma longitude size d, is more suitable, therefore
corresponded geometry values, which are connected and
defined as

dp=1-dgp, 2)
are also considered at Fig. 1.

In the papers [3, 9-11] also have been pointed out, that
important internal parameter of HVGD is the residual pressure
in the chamber of electron source ps. It is clear, that this
parameter also take the significantly influence to the
concentration of charged particles in AP, to its volume, and, as
a result, to the current of formed electron beam.

Other internal parameters of considered model of triode
HVGD electrodes' system are defined both by the conditions of
interaction of charged particles flows and by the level of gas
ionization in AP, and these parameters are follows [1, 3, 9—13].

1. T, —temperature of slow electrons in anode plasma.

2. Pgo — mobility of electrons' in anode plasma.

3. Yo — secondary ion-electron emission coefficient
from anode surface
4. n; and ny - coefficients of electrons reflection from

the anode by the current and by the voltage
correspondently.

5. f — transparent coefficient for electrons in anode
plasma.

6. Qo — average cross-section of accelerated ions

scattering at the residual gas atoms.
7. ko — coefficient of longitude of electrons' trajectories.

8. U; — potential of gas ionization.

9. A, a, a - empirical constants for defined

operation gas and electrodes material, which are usually
defined experimentally.

Value of all these internal model parameters are
strongly depended form acceleration voltage Uy, voltage of
additional discharge U, residual pressure p, and geometry
sizes of electrodes' system. Most of those coefficients are
taking from the scientific literature or defined
experimentally for real conditions of discharge lighting [1,
10, 12, 13], but thermodynamic parameters of anode
plasma can be calculated by using iterative method, which
will be described beyond.

Defining of anode plasma boundary position relatively
to the cathode surface and energetic efficiency of electron
source by considering the interaction of fluxes of charged
particles in cathode-fall region.

Corresponding with proposed algorithm on the first step
of calculation position of plasma boundary defined with
taking into account the physical conditions in cathode-fall
region. For the conditions of HVGD lighting AP volume
defined through gas ionization by the fast beam and slow

plasma electrons, through the interaction of accelerated ions
with the atoms of residual gas and through the emission
processes on the cathode surface. Taking into account all
this processes, written and analytically solved the equation
of discharge self-consistent [3, 9-12]. Corresponded
analytical solution can be written as follows [3, 9—12]:
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2 3
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3 2
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3 2
uzi,/_L D,V::iz/_i_@, yousv,
2 2
C
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TPa0

where A, — free path of electrons in anode plasma, Ry, R,
R3, R4, Rs, p, q, u, v and y — additional variables,

Ceq

discriminate of this equation. With known volume of AP and,
as a result, concentration of ions in it, currents of the main

discharge I,y and of additional discharge /,4 are defined
from equations [3, 9-11]:

and Deq — coefficient of solved cubic equation, D —

Ci =AU (1 + AU X1 +ning (1 —f (1 —dpPa0Qepo ))) ,

e(kT, +eU,
C4 = 3Nya, e(kT, +ely) ,
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]
As a result, with known voltages and currents,
energetic efficiency of triode HVGD electrodes' system n;

can be calculated by simple formulas [3, 11]:
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2+ ko (14 2Kgypieo — Since numerical integration of equation (10) is very
Ng =1- 22( (1+ ; )e ) ke =1p20Qo , ®) complicated and lead to irrational using of computer
e\l T Ve resources, usually simplified approximations for the value
Ny Meo are used. For example, for the nitrogen and air such
Nt = ngUqly approximation is usually suitable [16]:

14 Na%dla ap.d
Yaole heo =~ +b, (1)

where ny; — energetic efficiency of diode electrodes' ac

system, which have the same current of main discharge.
Defining of temperature of electrons and its mobility
in anode plasma. In the early investigations problem of using
equations (3 — 5) for estimation of energetic efficiency of
HGGD electrodes' systems was in defining thermodynamic

parameters of AP, such as temperature of slow electrons T,

and its' mobility pgo [3, 9-11], because these parameters

takes from the literature [1, 12, 13] without verification.
Another way of providing such calculations is defining these
parameters by solving the thermodynamic equation for
discharge plasma [14, 16]:
ezneE2 _ 3kng ((
me(Vea+Vei) 2

Te—T, )éeavea + (Te _Ti)éeivei) ,(6)

where v,, — frequency of collision of electrons with the
gas atoms, v,; — frequency of collision of electrons with
the ions, 3., — part of energy, which transfer from the
atoms to electrons, §,; — part of energy, which transfer

from the ions to electrons, T, —temperature of atoms, T; —

temperature of ions.
For the weekly ionized HVGD plasma, where the
condition

Neg—N; <
ne
is fulfilled, analytical solving of equation (6) for the
temperature of electrons T, is [14, 16]:

<1

2
eU, Rezm/ [UacdﬂJ (7)

To=—L|1+ |1+
Pa0Qea

2k 6m,
From equation (7) the relation to the cathode plasma
distance can be rewritten as:

- 2
dcp — paOQea 6me {(ZkTe _1} _1} . (8)

Uac TCezm,‘ el

Mobility of electrons in the AP pgq is depended from its
temperature T, and from the frequency of collision

electrons with atoms v, , which defined as [14, 16]:

U,cd
Voa = —= - @
2
3Uacm§ 1 1+ 14+ ne2m,- Uacdﬂ _1
em; 6Me | Pa0Qea

The equation for mobility of electrons pgg with known
its temperature and frequency of collision electrons with
atomsv,, from equations (7, 9), and with making

assumption, that distribution of electrons' velocity in AP
conform to the Maxwell law, can be written as [14, 16]:

®© 4 V2
J.veaexp - ‘;_,?a dVea
eK 0 e
hoo =5 2—r Kp=2 - (10)
Veallle 2 eVea
VeaeXp| — dv
‘l. ea { 2kTe ] ea

where a and b are empirical constant.

Iterative method of calculation of energetic efficiency of
triode HVGD electron sources with using equations (3-5, 7,
8, 11) will be considered in the next section of the article.

Iterative algorithm of calculation of energetic efficiency
of triode high voltage glow discharge electron sources. In
the general case position of AP boundary in HVGD
electrodes' systems defined from the equation of
equilibrium of force of strength of electric field from the side
of cathode-fall region and pressure of electronic gas from
the side of AP. For the physical conditions of HVGD
lighting, for considering low ions' temperature and
Boltzmann statistic for electronic gas in AP, this condition is
formalized by the following equation [6]:

80E5
2
where ey — dielectric constant, E, — strength of electric

field. Taking into account relation (12), the values of dp,
calculated from equations (3) and (8), must be
approximately equal. Assume, that value of dc, obtained
from the equation (3) with using the data from literature for

Te and pgg, is d(':p, and the value, obtained from the

=ngkTg, (12)

equation (8), is d¢, . Therefore, with using method of gold

section [16], averages values of dqp, de and dgf,,
iteratively calculated as follows:

d(’:p_dgp _ d(’:p_dg‘p _ 1+\/§

(13)

’ I I "
cp dc1p dc%) - dcp 2
After that, for obtained values de and déf) , from equation

(7) calculated the temperature of electrons T, . Further the
values d, and dg, recalculated by the following way:

Te(dgp)_ Te d%g> Te(dép)_Tegdg}Jg dp = dcp (14)
To(dlp)-Told2 )< Tl )-ToloZ ) a2y = d2.

After that the calculations with using equations (3, 7, 8,
11, 13, 14) are repeated, till the condition

|dop —dip| > (15)

where ¢ — accuracy of calculations, is satisfied.
Block-scheme of described calculation algorithm is
presented at Fig. 2.
Obtained simulation results and its discussion.
Tests of proposed iterative calculation algorithm was provided
for such parameters of HVGD electrodes' system [3, 9—11, 14,

16]: I=7sm, dy, =7sm,r.=5sm, U; =18V, a; =0.343,

va=46, Quu=53-10""m2, « =1452, n,=0.7,
ny =095, f=099, A =3810° a=2510*",
S
m2
b=25.4v—, acceleration voltage Us:= 10— 30 kV,
-S

voltage of additional discharge U.=30-100V, residual
pressure in the chamber of electron source p, = 0.2—1 Pa,
operation gas — mixing of nitrogen with 5% of oxygen,

cathode material — aluminum, anode material — cooper.
Obtained simulation results and corresponded experimental
data are shown at Fig. 3.
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Fig. 2. Block-scheme of considered iterative algorithm
of calculation of energetic efficiency of triode HVGD
electron sources
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Fig. 3. Calculated and experimental dependences
of energetic efficiency of HVGD electron sources
from the acceleration voltage for different residual pressure
in the volume of discharge gap.
U.=50V.1-ps=0.2Pa; 2—-p,=0.4Pa; 3—-p,=0.5Pa;
4—-ps=0.6Pa;5—p,=0.8Pa; 6—p,=1Pa.
Experimental results for pressure, corresponded
to curves 1, 2 and 6 are marked by the circles

In the paper [10] was proposed the method of
calculation of the time of increasing of HVGD current
for impulse regime of its' operation. Corresponded
equations are:

G =exp —,(TL [valexp(BiUac)-1]-1]. (16)

)

tra =

3
8(7'c(—3-)3 WioYaG In[1 5- kTe(e(UdUCo))]
TPa0

where B; — coefficient of gas ionization, t;, — average

time of rising of HVGD current. At Fig.4 presented
theoretical and experimental dependences for the time of
current increasing from control voltage in impulse Ug1 and
residual pressure pso. The calculated data, obtained with
using described here calculation algorithm, compare in this
plot with the pervious results, obtained in paper [10], and
with experimental results.

tm, x 107 s

Fig. 4. Calculated and experimental dependences
of rising time of HVGD current from the voltage
of additional discharge in impulse and from residual pressure.
Solid lines — results, obtained with using iterative algorithm,
presented in this article, dashed lines - results,
obtained in paper [10].
1-pa0=0.7Pa,2—-p,=0.4Pa, 3-p,=0.3Pa,
4-p,=0.2Pa; Uyp=10V.

Difference between the data, obtained with using
proposed iteration algorithm and the results, have been
obtained early in papers [3, 9-11], is not grater, then 10—
15 %. The graters difference is observed for the small
and big values of voltage of additional discharge and
residual pressure, because in papers [3, 9-11] was used
the values of electrons temperature and mobility in AP for
average values of these parameters from literature [1, 12,
13]. In any case, iteration method is more precision, then
proposed early, especially for extremely regimes of
operation of electron sources, which are mostly
interesting to its practical application. Another advantage
of proposed iteration method is absence of unnecessary
references to data bases with the approximated values of
electrons temperature and mobility in AP for different
HVGD regimes.

Conclusion. Proposed in this paper iteration algorithm of
calculation of energetic parameters of HVGD electron sources
and the time of increasing of HVGD current in impulse regime
of its operation based on complex analyze of physical
processes, taking place in AP, and on defining of
thermodynamic plasma parameters without unnecessary
references to approximation data from literature and without
forming of complex relative databases. Obtained algorithm
and the program complex, based on it, can be used in industry
for elaboration of new generation of electron-beam equipment
with applying of HVGD electron sources.
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HauioHanbHin TexHiuHun yHiBepcuTeT Ykpainu "KIl imeHi Irops Cikopcbkoro™, Kuis

ITEPALIMHA METOAUKA MOOENIOBAHHA TPIOAHUX ENEKTPOAHUX CUCTEM
BUCOKOBOJIbTHOI'O TNIKOYOro PO3PAAQY 3 YPAXYBAHHAM TEMMNEPATYPU
TA PYXOMOCTI ENIEKTPOHIB B AHOHIN MITA3MI

OnucaHo imepaHyiliHy memoduky ModesitoeaHHsi po3nodiny eHepzii ma 4acy 3pocmaHHsi cmpymMy po3psidy 8 MmpioOHUX efleKmpPOoOHUX
cumemMax eUCOKOE0JIbMHO20 MIlit04020 po3psidy 3 ypaxyeaHHsM memrnepamypu ma mMobinbHocmi ioHie e aHOOHIl nna3mi. BiOMiHHOI pucoro
MemoOuKu, sika NpPornoHyembcsl, € 8iIOHOCHO eUcCOKa MOYHicmb po3paxyHkie i eidcymHicmb nocunaHb Ha HernepeegipeHi anpokcumoeaHi AaHi 3
nimepamypHux Oxepesn. Po3paxyHku 30ilicHeHO imepayiliHo i NPUNUHeHO, KO/U MOJIOXEeHHS1 MexXi aHOOHOI nna3mu 3 60Ky obnacmi kamoAHo20
cnadaHHs1 nomeHuiany ma 3 60Ky aHOOHOI nna3mMu cmae oOHakoeuM i3 Haneped 3adaHum cmyrneHeM MmoyYyHocmi. Ompumani pe3ynbmamu
MoOdestoeaHHs1 dobpe Mo200XXyroMmbcs sIK i3 eKcriepuMeHmanbHUMU 8aHUMU, MakK i 3 ompuMaHUMU paHiwe po3paxyHKoeuMu pe3ysibmamamu.

Knro4oei cnoea: eucokogonbmHuli mniro4uli po3psid, mpiodHa eslekmpodHa cucmema, esleKmpuyHe KepyeaHHsi CMpPyMOM 2a308020 po3psidy,
aHoOHa nnasma, memnepamypa esleKImpoHie y nna3mi, pyxoMicmb esleKmpoHie y nnasmi, imepayitiHuli anzopumm.

WU. MenbHuK, A-p TeXH. HayK,

WU. YepHaTuHCKUK, cTyA,.,

H. Maceukasn, cTyA,.,

kadbepa 3NEeKTPOHHbIX NPMGOPOB U YCTPOUCTB,

haKynbTeT INEeKTPOHUKH,

HauuoHanbHbIN TexHMYeckun yHuBepcuteT YkpauHbl "KMU umenun Urops Cukopckoro”, Kues

WTEPALUVUHHAA METOAUKA MOOENTMPOBAHUA TPUOAHbIX ANIEKTPOOHBLIX CUCTEM
BbICOKOBOJIbTHOIO TNEKOLWENO PA3PAOA C YYETOM TEMNEPATYPbI
N NoABUMXHOCTU JJNIEKTPOHOB B AHOJHOM MITA3ME

OnucaHo umepayuoHHyrO MemoOuKy MoOdesluposaHusi pacnpedesieHuUsi 3Hepauu U BPeMeHU yeesluyeHusi moka paspsida 8 MmPUOOHbIX
3/1eKMPOOHbIX cUCcmeMax 8bICOKO80JIbIMHO20 MJileowWe20 pa3psida ¢ y4emomM memnepamypbl U Mo08UXHOCMU 3/IEKMPOHOE 8 aHOOHOU nnasme.
Omnu4yumenbHol 4Yepmoli npednazaemMoli MemMoOUKU s18/19€emcsi OMHOCUMESIbHO 8bICOKasi MOYHOCMb pacyemoe U omcymcmeue CCbIIOK Ha
HernpoeepeHHbIe anMnpoKCUMUPO8aHHble GaHHbIe U3 JumepamypHbIX UCMOYHUKO8. Pacyembl npoeedeHO UmMepayuoHHO U MpeKpaweHo, Ko2da
nosnoxeHue 2paHuybl aHOOHOU Na3Mbl CO CMOPOHbLI ob6racmu KamoOHO20 nadeHusi MoOMeHyuana u co cmopoHbl o6nacmu aHOOHOU nnasmMbi
cmaHoeumcsi 00UHaKo8bIM C 3apaHee 3adaHHOU cmeneHblo mo4Hocmu. lonyyeHHble pe3ynbmambl MOOe/IUPO8aHUSI XOPOWO CO2/1acyromcs Kak
€ IKcnepuMeHmasnbHbIMU OaHHbIMU, MaK U C MOJyYeHHbIMU paHee pacyYemHbIMU pe3yibmamamu.

Kntodeebie criosa: 8bICOKO80ILMHBIU metouuli pa3psd, mpuodHasi 3nekmpodHasi cucmema, /1IeKMPUYECKoe yrnpasieHue MOKOM 2a308020
pa3psida, aHoOHasl nna3mMa, memnepamypa 3/1eKmpPoHO8 8 N1a3mMe, MoG8UXHOCMb 3JIEKMPOHO8 8 Ny1a3Me, UmepayuoHHbIU anaopumm.
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SIMULATION OF EFFECTS OF OPTICAL RADIATION
ON THE OXYHEMOGLOBIN REDUCTION IN BLOOD

A Monte-Carlo simulation of light propagation in tissue was applied for the purpose of better understanding of the results of
absorption in different layers in multi-layered tissues. Values of optical parameters used in the model were taken from literature.
Simulation results of absorption of different lasers radiation source for each layer of 23 layers tissues are presented. The
comparative analysis of experimental research in vivo saturation changes under the influence of radiation and results of
simulations light absorption by oxyhemoglobin in blood are presented.

Keywords: Monte-Carlo modeling, tissue optics, photon transport, photodissociation.

Introduction. Optical technologies are put into practice
in various areas of modern medicine. For example, the
effects of biostimulation and therapeutic effect of low-
intensity radiation are currently put to use.

It is known that photodissociation of oxyhemoglobin
under the influence of laser radiation from outside through
the skin leads to increase of the concentration of the free
molecular oxygen in the tissues [3], which can be used to
treat burns, bedsores, ulcers and anaerobic infections, as
well as other pathologies where compensation of oxygen
deficiency in tissues is critical.

It is important to mention that the results of studies of
photolysis of hemoglobin that were received in buffer
solutions may differ from the effects that take place in the
whole blood under the conditions in vivo. It is established
that with qualitative similarity of photochemical reactions of
hemoglobin in natural and modeled conditions (buffer
solutions) the effectiveness of phototransformation of
protein varies, which authors associate with the antioxidant
properties of blood [8]. Numerous experiments show that
photodissociation efficiency depends on the wavelength of
the incident light [5].

Fig. 1 shows the change in saturation of
oxyhaemoglobin in blood caused by the radiation
sources with different wavelength.

400 500 600 700 800 900 1000
Wavelength , nm

Fig. 1 The change in saturation of oxyhemoglobin
in blood caused by the different sources of irradiation

But the theoretical background and explanation of this
effect does not exist for today. So at the same time
conducting experiments in vivo is actual simulating of
radiation in biological tissues.

Materials and methods. To simulate the absorption of
optical radiation fractions of hemoglobin must be used a
method that takes into account several layers of biological

tissue with different optical properties and reflection on the
boundaries of section layers. It is not important to consider
details of energy radiation within a single cell. Therefore
numerical Monte — Carlo method is selected, which makes
it possible to investigate the light distribution inside
biological tissue with a complex multilayered structure.

The advantage of the Monte-Carlo method is that it is a
reasonably simple model that can handle arbitrary
geometries and that it can provide a direct solution without
approximations to the radiative transport equation (RTE).

The downside is the simulation time required which
makes it less suitable for inverse problems. The Monte-
Carlo method is also limited by noise and the fact that the
exact geometry is rarely known. Despite the disadvantages
the Monte-Carlo method is considered as "gold standard"
in modeling of light propagation within the field of
Biomedical optics.

Light transport process is simulated as random walks in
which photons histories are recorded as they are scattered
and absorbed. The intensity distribution in biological

tissues was calculated as a function of the absorption p,

and scattering g coefficients, anisotropy of scattering g,

reflective index n.

For modeling algorithm of Monte-Carlo method was
used [4]. The whole area is divided into cells, when the
photon is initialed, it is placed to the origin, and initial
weight is assigned to it. Then calculate the direction of
motion of the photon. The stepsize of the photon is
calculated based on the sampling of the probability for the
photon's free path S. Each step between photon positions
is variable and equals

S= M, (1)
(Mg +Hs)
where rnd is a random number which is uniformly
distributed over the interval [0-1].

When a photon crosses the boundary between two
media with different refractive indices it is assigned a new
weight. After each move, except the case when the photon
goes beyond the medium, the part of photon weight
recorded into the cell array, which determines the
distribution of energy which was absorbed. The new value
of the scattering angle and the free path of photon is
generated and the procedure is repeated. If the weight is
above a minimum, then the rest of the photon packet is
scattered into a new direction and the process is repeated.
When a photon weight decreases to a specified small value
then roulette is played to either extinguish or continue
propagating the photon. If the photon does not survive the
roulette, a new photon packet is started. Fig. 2 indicates
the basic flowchart for the photon tracing part of the Monte-
Carlo calculation [9].

© Radchenko S., Mamilov S., Hliebova l., 2016
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Fig.2 Flowchart for Monte-Carlo simulation
of multi-layered tissue

The simulation was performed for the biological object
that was used during the experiment which was finger.
Phantom for simulation consist of 23 layers and include
epidermis, dermis, arterial and venous blood,
subcutaneous and muscle tissue, bone. The layers are
housed mirror considering anatomical properties. The order
number denotes sequence order of layers along ray tracing
during the radiation propagation.

1. Epidermis — 0,1mm

2. Dermis — 0,2 mm

3. Arterial blood — 0,45 mm

4. Dermis — 0,9 mm

5. Venous blood — 0,45 mm

6. Subcutaneous tissue — 0,5 mm
7. Muscle — 3 mm

8. Bone — 5,5 mm

9. Muscle — 0,15 mm

10. Subcutaneous tissue — 0,5 mm

11. Venous blood — 0,45 mm

12. Dermis — 0,9 mm

13. Arterial blood — 0,45 mm

14. Dermis — 0,2 mm

15. Epidermis — 0,1mm

Arterial and venous blood were divided into three
components in the presence of different forms of
hemoglobin:  deoxyhemoglobin  (Hb), oxyhemoglobin
(HbO2) and carboxyhemoglobin (HbCO). The percentage
concentration of each component in the arterial and
venous blood is shown in Table 1.

Table 1
Presence of different forms of hemoglobin concentration
in arterial and venous blood

Form of Concentration in Concentration in

hemoglobin arterial blood, % venous blood, %
Hb 3 25
HbO, 92 70
HbCO 5 5

Thickness was determined according to the percentage
concentration. Simulation was conducted for three
wavelengths 605 nm, 700 nm and 850 nm. For each layer
according to the sources which was used in simulation the
following optical properties were selected: absorption
coefficients u, scattering g coefficients, anisotropy of

scattering g, reflective index n [1, 2, 4, 5, 7].

Simulation of optical radiation passing through 23 layer
biotissue was conducted for 10 million photons. The
example of Monte-Carlo simulations results of absorption
of optical radiation in different layers are shown in Table 2.

Table 2
The proportion of absorbed radiation for each of the layers
at 605 nm, 700 nm and 850 nm wavelengths

The proportion of absorbed
Layer radiation for each of the layers
605nm 700nm 850nm
epidermis 1,48-102 1,16-102 7,87-10°
dermis 1,31-107 1,05:10” 5,29-107
HO, 4,92-10" 2,06-102 3,91-*10"
Hb 2,99-10° 3,27-107 5,07-10°
HCO 1,09:107 2,71-10° 8,70-10™
dermis 4,7510° 1,69:107 461102
HO, 1,69:107 3,14-10° 3,79-10
Hb 5,70*10° 7,23-107 6,34:10°
HCO 1,49-10™ 1,07-10° 1,72*10™
tsi:sbuc:taneous 1,02-10% 7,7410° 3,42:10°
muscle 2,54-10" 2,48-10° 3,86-107
bone 2,50-10° 8,01-10° 3,67-10°
muscle 2,88-10° 5,29-10" 9,22-10°
tsi:sbuc:taneous 3,76:107 1,19-10% 5,30*10°
HCO 1,16:107 6,03-10° 6,05-107
HO, 5,58-107 1,78:10° 8,28-10°
Hb 1,94-107 2,56:10™ 1,40-10°
dermis 3,78-10° 1,57-10° 1,25:10°
HCO 1,58:10° 1,31-10° 9,3510°
HO, 7,84-10° 4,03-10° 1,11-10°
Hb 7,33107° 9,69-10° 1,44-107
dermis 1,60-10™" 1,46-10° 4,19-107
epidermis 1,64-10™ 1,09-10° 3,77-10°

Since the absorption of the second half of layers in
biological model are insignificant, it is enough to take into
account the following tissues: the skin, blood vessels,
subcutaneous tissue, soft muscles and bone should be
considered because it is characterized by a significant
scattering of optical radiation.

Considering the fact that various forms of
hemoglobin in the blood are mixed, the simulation was
performed for different location sequences oxy-,
carboxy-, deoxyhemoglobin. The result was calculated as
the arithmetic mean of each of the sequences. The
average values for oxyhemoglobin absorbed radiation with
different forms of hemoglobin sequence shown in Fig. 3
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Experimental and simulation results convergence
5 shows that oxyhemoglobin photodissociation caused by
40 ] absorption of photons of the exciting radiation, and the
contribution of recombination is insignificantly for
oxyhemoglobin concentration. Simulation of optical
radiation absorption, together with the experiment in
vivo provides an opportunity to investigate the effect of
photodissociation in whole blood.
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MOMOENIOBAHHA BNIUBY ONTUYHOIO BUNPOMIHIOBAHHA
HA 3MEHLUEHHA OKCUTEMOINOBIHY B KPOBI

I3 Memoto Kpauj020 pPo3yMiHHSI pe3ysibmamie no2JuHaHHS ONMUYHO20 BUMNPOMIHIO8aHHs 8 Pi3HUX wapax 6azamowapoeux MkaHuH 6ysno
npomodesIbo8aHO MOWUPEHHSI 8UNMPOMiHIO8aHHsI MemodoMm MoHme-Kapno 3HavyeHHsi onmu4HUX napamempie, WO uKopucmosyeasnucb Ons
modesntoeaHHsi, 6ynu e3simi 3 nimepamypu. lpedcmaeneHo pe3ynbmamu MOOes08aHHSI MO2/IUHAHHS GUMPOMIHIO8aHHSI pPi3HUX Oxepen Ons
KOXHO20 wapy 23-wapoeoi mkaHuHu. [lpoeedeHo nopieHANbHUU aHani3 eKkcrnepuMeHmasnbHUx OoOC/iOXeHb in Vivo 3MiHU Hacu4YeHHs
okcuz2eMo2s106iHOM Kpoei nid dicro sunpomiHoeaHHs i pe3ynbmamie Modesiro8aHHsl MO2JIUHAHHS ceimJia OKcu2emMo2s106iHOM 8 Kpoei

Knro4oei cnoea: memod MoHme-Kapno, onmuka mkaHuH, mpaHcrniopm ¢ghomoHie, gpomoducoyiayisi.
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! WUHCTUTYT npuknaaHbix npobnem ¢usnku n 6uocdunsnkmu HAH YkpauHsi, Kues

MOOENUPOBAHUE BJIUAHNA ONTUYECKOIO U3NTYYEHUA
HA YMEHbLUEHME OKCU'EMOITIOBMHA B KPOBU

ModenupoeaHue memodom Monme-Kapno pacnpocmpaHeHusi ceema 6 G6GuomkaHu O6biIO MPUMEHEHO C UeNbio Jly4ue20 MOHUMaHUSs
pe3ynbmamoe fo2s1oWeHusi 8 Pa3/iuYHbIX C/I05IX MHO20C/I0UHbIX MKaHel. 3Ha4YeHUs1 onMuYecKux napaMempos, ucnosib3yemMbix 8 Modenu, 6binu
e3simbI u3 numepamypsl. llpedcmasneHbl pe3ynbmambl MOOEIUPO8aHUsI MO2/I0UWLEHUST U3JTyHEHUSs1 Pa3/lu4dHbIX UCMOYHUKO8 Ol Kaxd020 C/osi
23-cnoliHol mkaHu. [fpoeedeH cpagHUMeNbHbIU aHanu3 aKcnepuMeHmMarnbHbIX ucciedoeaHull in vivo usMeHeHUs1 HacbIWeHUs OKcU2eMo2/106UHOM
Kpoeu nod delicmeuem u3Jly4YeHusl U pe3ysibmamoe ModeslupoeaHus Mo2s10UeHuUs] ceema oKCu2emMo2/106UHOM 8 Kposu

Knroueenie crioea: Memod Monme-Kaprno, onmuka mkaHel, mpaHcrnopm ¢ghomoHos, gpomoduccoyuayusi.
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TWO SIMPLE ALGORITHMS FOR AUTOMATION OF LF NOISE MEASUREMENTS

Flicker noise measurements are used for reliability evaluation of semiconductor devices. To evaluate trustworthiness of
received information investigators must estimate the accuracy of noise measurement. Automation is necessary because of the
laboriousness of the calculations and measurements. In this paper we will consider the some details of calculations to be

automated. Some expressions for calculation are given.

Keywords: low-frequency noise, flicker noise, white noise, noise measurements, power spectral density, spectral exponent,

corner frequency, measurement error, automation.

Introduction. Low-frequency (LF) noise (1/f noise,
flicker noise, excess noise) of semiconductor devices is a
subject of many modern scientific papers. It is founded in
all types of semiconductor devices.

In the semiconductor electronics LF noise is used for
reliability estimation of devices [24]. The level of the LF
noise is one of the most important characteristics of
devices used in microwave and optical systems [12]. It
upconverts into phase noise that limits performance of
oscillators and mixers [12].

Processes with such power-law spectrum are
widespread in physics (traffic noise [15]), electronics
(semiconductor devices, microelectromechanical
systems, ceramic pressure sensors, photovoltaic cells
etc), biology (neurons dynamics [4], mammograms),
geophysics (atmospheric CO, records, geomagnetic
storm), music, economics etc.

=== === === ===
| |
I Generator Transducer

'___[__I I___K__I

Generalized structure diagram of measurement setup
for all these processes is shown on Fig. 1. Object under
investigation (OUI) is exposed to impact of Generator.
Generator may produce constant voltage, stable current or
special noise. In particular case, it may be absent.

The OUI may be understood as semiconductor device,
part of human body, acoustic field etc. In last cases it is
necessary to have a Transducer before amplifier. When
OUl is semiconductor device Transducer may be absent or
represents a transimpedance amplifier. Amplifier (A) of
course must be low-noise. Because spectral parameters of
noise are most important Spectrum analyzer is necessary
part of any noise measurement setup. There are different
ways for building of this unit. It may be commercial FFT
spectrum analyzer, selective nanovoltmeter, PC with ADC-
board or other. PDU is processing and displaying unit.

Spectrum
analyzer

Fig.1. Generalized structure diagram of LF noise measurement system

Review of commercial measurement systems. Now
there are 4 main commercial LF noise measurement
systems. The first one is "E4727A Advanced Low-
Frequency Noise Analyzer" (Keysight Technologies, Inc.).
It is "High-performance noise analyzer designed to make
fast, accurate and repeatable low-frequency noise
measurements” [4]. Others are "9812D 1/f Noise
Characterization System" (ProPlus Design Solutions, Inc.)
[26], "3001B Flicker Noise Measurement System" (AdMOS
GmbH) [28] and "1/f noise characterization solution —
NC300A" (Platform Design Automation, Inc.) [14].

9812D System improves upon 9812B. 9812B was
preceded by BTA9812A [13] (BTA Technology, Inc.). BTA
Technology introduced BTA9812A system in 1999 [21].
There was also (till 2010) "EDGE Flicker Noise
Measurement System" (Cascade Microtech, Inc.) [3]. Now
(2016) "Cascade Microtech releases 1/f measurement
solution with Keysight Technologies" [1]. There is also
"Silvaco 1/f Noise Measurements Solution" (Silvaco, Inc.).
It consists of S3245A noise amplifier and UTMOST Il
software [27].

But all these systems are very expensive and not
always optimal for concrete problem. Therefore, scientists
continue to design their own measurement systems. For
example, such as in [9]. In [11] noise measurement setup
contain modulation bridge that moving the input noise into
higher frequencies, where LF noise level of preamplifiers is
negligible. Besides this, setup includes 89410A spectrum
analyzer (Agilent) and SR830 amplifiers (Stanford
Research Systems). The system described in [25] consists

of: HP4140B voltage source, SR570 Stanford Research
amplifier, HP35665A signal analyser, PC.

It is necessary to underline that all these systems are
based on discrete Fourier transform (DFT). But we will
consider another case too.

Automation of analog filtration based measurement
system. The following expressions may be used for
spectral analysis by analog filtration such as in [10, 22—-23].
A researcher has to deal with a mixture of white noise and
LF noise with power spectral density (PSD):

Gnm(f)=§+Go, (1)

where A is some constant, f is the frequency, y is the
spectral exponent, G, is white noise level.

There is method of exponent evaluation by three points
of spectrum [16]. For calculate exponent we must measure
PSD on some frequencies [16, 19]:
G1—Gagy
Gagd — G2

where G;,G, and G,,y; are PSDs of LF noise on first,

()

Ym = Ing

second and additional points respectively; k = \/f/f; .

From these values of PSD can be estimated not only the
y value, but also the white noise level [20]:
G2y -G;-G
GWN — add 1°Y2 ‘ (3)
T 2-G,gg ~G1 -Gy

where G;,G,44,G, are corresponding PSDs.

© Reschikoff S., 2016
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White noise level is required for us to find the real PSD of
LF noise on some frequency (for example on f,44). The full

algorithm will be as on Fig. 2.
measuring
G, Gada» G2
calculating Gy s, (3)
v
calculating G,qq — Gynmsr (5)
compensation of bias (5)
]
evaluation of total
measurement error (6)
v
displaying of
result
Fig. 2. Block diagram
of measurement algorithm.
Expression for evaluated by (3) white noise level
inaccuracy estimation is

8GWN:\/ a2+b22+c2 i .
(G1+G2=2-Gaq4)" (Gaga” —G1-G2)
a=(Gy~Gagy)* -Gy 861
b =(Gy-Gayq)? Gy -5gy;

¢ =2:(Gy = Gagy (G2 ~ Gada ) Gadd *SGadd -
where 854, 8gaqq- Og2 are corresponding relative mean

(4)

squared random errors of Gy, G,yy4,Go -

The real value of LF noise PSD (after systematic errors
compensation) on some frequency will be

Gy —G
G — °NM WNmsr , 5
LF Cps 1% o0 ()

where 3y, is a bias error, Gy, is a PSD of noise mixture,
Gynmsr 18 @ measured PSD of white noise (3).

The square of total error of calculated LF noise PSD on
some frequency real value will be

2
5 2 _ [ Sbias Osbias |
GLF Cps 1+ Spjas
[

(6)

2 2
N (Gnm - Oa nm )™ + (Gynmsr *Scwn)

)

2

(GNM - GWNmsr )

where s IS a bias error, Jg,,s IS @ random mean
squared error of Jy;,s evaluation, Gy, is a PSD of noise

mixture (G,q4y, for example), dgny is a corresponding

error, Gyymsr 1S @ measured PSD of white noise (3),
dgwn is a corresponding error (4).

Expression for finding &, , required for calculation of

y s
dspias » from experimental data is given in [16]:

2 2
\/( Gy -1 j +d2+[ Gz -8g2 J
5 = G —Gaqg G, —Gygg

= : @)
! In{ Gy = Gagg j

Gadd - G2

d :[Gadd OGadd G2 — Gy j
Gi-Gs  Gy—Ggyy

where 8g1, 8gaqq- Og2 are corresponding relative mean
squared random errors of Gy, G,yy,Go .

Expression for estimation of 3, in modeling purposes
is given in [17, 19]. On Fig. 3 two graphics of 8 Fcps (6)

are shown (with y =3, LF noise corner frequency — 1 kHz,
duration of averaging is 1 s).

6G, %
6

- .

AN
4 AN
N

— AP PrOX.
= a» exact

~—

I
0 0.5 1 1.5 2
relative analysis bandwidth

Fig. 3. Dependence of total relative error
on bandwidth

For graphic "approximated" formula of bias error
(dpias ) Obtained by expanding in a Taylor series [18] is
used. For graphic "exact" more accurate calculation of
dpias 1S Used. But for graphic "exact" only a bandwidth of

Gny is variable (others bandwidths equal to 0.5). So,

the total error with the expansion of bandwidth only is
reducing. The optimum bandwidth is not observed.
Automation in this case is necessary at least for
convenient systematic errors compensation.
Automation of DFT-based measurement system.
The most of noise measurement systems are DFT-
based [2, 6-8]. In this case after DFT of noise time
series we obtain a number of PSD values with random

error [23]:
86 = 1T Ay =1 (8)

Strictly speaking, expression (8) in case Afyy =T
is not applicable. LF noise power spectral density
diagram without any averaging in non-logarithmic scale
is shown on Fig. 4.
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PSD G, x10” conventional units
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frequency, kHz

Fig. 4. LF noise PSD without any averaging

It is obviously that an averaging is necessary. The
general structure of proposed averaging algorithm is

shown on Fig. 5.

" ADC and DFT
v

spectrum averaging

Arms/crms >Ihr

evaluation of
random error

v

PSD diagram
displaying

v

Fig.5. Block diagram of PSD averaging algorithm.

e

On Fig.5 A,,s is the experimental random mean
squared (RMS) relative difference between neighboring
spectral components (9), a o,,s is the theoretical RMS

relative random error for calculating difference between
neighboring spectral components (10) and ry, is the

threshold coefficient that is set by researcher.

PSD, conventional units

The expression for A, is

IN=12.1G. -G |
Arms:\/NZ{ ‘ L m+1] s

m=1 Gm + Gm+1

9)

where N is a number of components in spectrum, G, is
the m-th value of noise PSD.
The expression for c,,,s is

crm3=\/8%,+6,2n+1, O0<m<N,

where m is aninteger, 3, is a RMS relative random error of
m-th spectral component value.
If 8, =811 then

Srms = \jz/navr ) (10)

where n,, is a number of combined basic spectral

components.
If a value of spectral step is indifferent then value of

ng,, can be increased by one per algorithm step. If one
want to see 10"-like frequency graduations then

Ngy,r =10%,
where s is the number of averaging step.

LF noise PSD diagram for blue light-emission diode
(LED) is shown on Fig. 6 in log-log scale. LED forward
current was 10 mA. LF noise PSD after averaging
by proposed algorithm is shown by white curve (random
error — 4 %). LF noise PSD after minimal averaging (random
error — 41 %) is shown as background by black curve.

Conclusion. The first algorithm described in this paper
allows to compensate systematic errors of PSD value
estimate. But it is applicable only if model (1) is adequate
to measured noise PSD. In more complex cases DFT
spectral analyze is needed. The result of DFT requires an
averaging. The second algorithm allows to determine the
optimal level of averaging.

1E-5 L‘

1E-6

1E-7

1E-8

1E-9
0.1

1

10

frequency, kHz

Fig. 6. LF noise PSD with averaging
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OBA MPOCTUX ANTOPUTMU ABTOMATUSALIT BAMIPIOBAHb HY-LUYMY

BumiproeaHHs1 ¢bnikep-wyMy 3acmocoeHi 0nsi ouiHku HadiliHocmi HanienpoeiOHukoeux npunadie. 4nsa ouiHku docmoeipHocmi ompumaHoi
iHghopmauyii docniOHUKU NOBUHHI OoYiHUMU MoOYHicmb eumiproeaHHs1 wymy. Aemomamu3sayisi Heob6xiOHa Yyepe3 mpydomMicmkicmb po3paxyHkie i
sumiptosaHb. Po3zansinymo desiki demani o64ucneHb, npudamHux 0nsi aemomamu3ayii. HadaHo desiki supa3u 0ns1 po3paxyHKY.

Knro4oei cnoea: Husbko4acmommHtul wym, pnikep-wym, 6inuli wym, wymoei eumiprogaHHs, cnekmpasnbHa WinbHicmb NomMyxHocmi, MoKa3HUK

crnekmpa, yacmoma nepezuHy, noxubka euMiprogaHHsi, asmoMamusauyisi.

C. Pe3yukos, acn.,
paauoTexHnveckui cakynbTeT,
YNnbsAHOBCKWIA rocy4apCTBEHHbIN TEXHUYECKUIA YHUBEPCUTET, YNIbAHOBCK

OBA NPOCTbIX ANTOPUTMA ABTOMATU3ALMUU USMEPEHUNA HY-LLYMA

N3mepeHusi chnukkep-wymMa npumeHUMbl Ofisi OUEHKU HadexHocmu noslynpoeodHUKoeblix npubopoes. [na oyeHku AdocmoeepHocmu
nonyyeHHol uHgopmMayuu uccrnedosamenu OOJKHbI OUEHUMb MOYHOCMb U3MepPeHusi wyma. Aemomamu3auyusi Heob6xoduma u3-3a
mpydoemKkocmu pac4emoe u usmepeHuli. PaccMompeHbl Hekomopble demasnu eblyucseHul, nodxodsiujux Onss aemomamu3ayuu. faHbl

HeKkomopsble ebipaxeHusi A51s1 pacyema.

Knroyeeble cnoea: Huzko4acmomHsbil wyMm, ¢aukkep-wym, 6enbili wymMm, wymMoeblie U3MepPeHUs, crieKkmpasnbHas MJ10MHOCMb
MouwHocmu, nokasameJsb criekmpa, Yyacmoma nepeauba, no2pewHoOcMb U3MepPeHuUsi, agmomamu3ayus.
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ABSORPTION PROPERTIES OF ATOMS WITH THE QUANTUM OPTICAL INTERACTION

The theory of two-laser beam technique for the investigation of stimulated emission and absorption near resonance is
present. The method for the calculation of the probe field absorption coefficient is described. Using the analytical expressions for
the macroscopic absorption coefficient, previously derived in the kinetic limit for the system interacting with a coherent pump
and weak counter-propagating probe fields tuned near sodium D; line, the behavior of maximum probe absorption is predicted
for the range of temperatures of sodium vapor from 600 to about 800 K.

Keywords: absorption coefficient, kinetic equation, optics, atomic vapour, quantum optical, interatomic interaction.

Introduction. The application of the theory, developed
in paper [12], is demonstrated for sodium vapor with
densities from 0 to about 7000 atoms per cubic resonant
D, wavelength (or from 0 to 35x10?' atoms per cubic meter
corresponding to the maximum vapor temperature about
800 K and pressure 1650 Pa) in the optical region. The
description of the system is formulated in the terms of long-
range interatomic interaction induced by the quantum
optical mechanism of exchange by photons between
atoms. The quantum optical basis of the theory is
established in the model Hamiltonian derived in [13].

The line shape of transmitted through the sample probe
beam was first experimentally obtained in the work [4]. In the
experiment the sample of sodium was heated to about 600 K
(see the scheme of the experimental setup in figure 1). The
frequencies of the driving and counter propagating probe laser
beams are tuned near the atomic resonance corresponding to
sodium D line. The nonlinear increase in the intensity of the
probe beam was observed at the so-called threshold density
around 130 atoms per cubic wavelength.

In this work we predict the nonlinear decrease in the
intensity of probe beam for the saturation region from 6600
to 6700 atoms in cubic wavelength. The feature is induced
by collective long-range coupling between the population
inversion and polarization of the medium.

The examples of researches devoted for the dynamical
description of two and more particles, taking into account
quantization of electromagnetic field, can be found, for
example, in such works as [2, 3] and [6, 7]. Many quantum
optical effects, for example, such as superradiance [9],
subradiance [8], and photon entanglement [10] etc. are
known today. In fact, the mentioned quantum field effects
require well defined localization of atoms, otherwise the
necessary coherence between atomic and field states does
not form. The coherence in atomic states determines the
certain collective effects in the system of atoms and field
(see [1]). Hence, any averaging over statistical ensemble is
expected to ruin possible quantum field effects. Even in the
case of one-atomic approximation in the explanation of the
recoil induced resonances or collective atomic recoil
mechanism (see analysis in [1]), a definite coherence is
required. For example, the coupled by the conservation law
translational momentum of an atom and the absorbed or
re-emitted momentum of a photon make different
contribution to the scattering process, depending on a local
atomic density and velocity. However, in a certain sense,
the collective coherence is possible not only between
atomic states but also between the atomic and quantum
field states in forming the polarization and population
gratings even at relatively high temperatures and atomic
densities. In comparison with the mentioned theories (see
[1]), the long-range interaction, due to quantization of
electromagnetic field, is emphasized in our calculations as
a main contributor to the certain non-linear effects. The
observed experimental time scale in [4] for the build-up of

the probe field amplification was of the order of the
spontaneous emission time. In the case of quite high
sample temperatures, the thermal atomic motion during the
time scale can be comparable with the movement on the
wavelength distance. These allow to neglect multiple
spontaneous recoils and quantum recoil effects (see more
theoretical details in [5]) in the present calculation.
Furthermore, at the atomic densities, corresponding to the
temperature domain of sodium vapor from 600 K to 800 K,
the "hard core" collision rate for a sodium atom is of the
order of 10° collisions per second. The complicated
interatomic collision mechanism is therefore interpolated by
the decay rate of an atomic exited state.

Sample gas o o Probing
Pumping | o . o |Deam_
———
P s v O ° >
. o o .
T>600 K

Fig. 1. lllustration of the two-laser beam
propagation through the "hot" atomic vapor used
in the setup [4]

Theory. Let the driven system of interacting two-level
atoms is modeled by the Schrédinger equation (see [13]):

Z|w)=——(f+T)¥), (1)

NN ()

with the dipole operator is defined as d; = pi,0! + 1,0

where c;,6; are the excited state creation and nnihilation

operators for the i-th atom, accordingly (/=1,..., N). N is the
total number of atoms; a denotes the excited state and b the

ground state of an atom; 7; is the position of the i-th atom; r",-/- is
the unit vector pointing from atom j to atom i. The off-diagonal
dipole matrix elements are defined by terms ﬁ’ab .

Operator I" describes the decay (relaxation rate) of the
excited state of a single atom.

© Sizhuk A., 2016
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The corresponding macroscopic evolutional equations, 0
. . P 9 pic. quati Pba (t,r) p(ba)JrSp( )( )

derived in [12] assuming the vanishing space correlations (15)

between atoms with time, have the following form:
8 o _n(r) e
EA(t,r)y[n v A(t,r)] "
+i(ppa (t7)Q(t7)-cc.),

%pba(l‘r) (=Yba +i®g ) ppa (t.7)+iAQ" (t,7),  (5)

where A is the atomic population inversion, while p,, is

the coherence between the a and b states; n is the initial
non-averaged inversion when an external electric field is

not applied; n(r) is the number of atoms per unit volume;
®g is the averaged frequency of the resonant transition.
And,
Q(t,r) =" (t,7)+ Q"™ (tF) (6)
with
AF (4 = _“ﬁ'é(t*F)
o (tr)= ; , @)
- 2 - - —
Q"™ (t7) = —;x.[dr {Re(pba (tr ))Q(r,r )} (8)

where the integral kernel is corresponding to the quantum
optics of long-range dipole-dipole coupling (originating from
the results in [13]), such as

(A )

Q(F )= s ©)
7 7l
with y = Ny?.
TCSO
The electromagnetic field satisfies the Maxwell
equation

V><V><E(t r)+i26—2E(t )——Hoa—zzﬁ(t,F)7 (10)
ot ot
where the polarization P(t,r) of the system per unit
volume is given by
P(t7) = N (poa (67) o (67)) - (11)

For the strongly pumped medium we assumed a linear
polarization of pumping field and therefore set the off-
diagonal dipole matrix elements for all atoms being under
the action of pump field to be equal in magnitude

Hop :(ﬁ;bj =u-awith i = 1, ..., N, where i is the unit

vector (parallel to the polarization of the external pumping
field). Let

-~ - —ilot-kr ~

E=Epe for-7) (12)

The applied weakness of the probe field and

interatomic coupling in comparison with the driving field,
that can be expressed as

‘ant

QV
| | << 1 and << 1 with &
‘QAF‘ ‘QAF‘

’

+ Eoe_i(w_l?f) .

=
=HEE0 43
P (13)

allows to represent the solution of the kinetic equations (4)

and (5) through the following terms:
A(t,F) =A@ + 542 (1,7)
_ - ; (14)
+3A(t,7)+8A(t,r )+ 3A(t,r)

and

+8Ppa (1.7 )+ OPpa (1.7 )+ 8ppa (1.7)
where, A® and p(o) form the "equilibrium" solution for the

system of pumped non-interacting atoms. SA(t,F) and

Sppa(t.F) are the perturbation to A and p{?),
respectively, in the case of non-zero interaction item
Q’”t(t,F);tO and unapplied external probe field Q' =0.

The corrections 8A(t,F) and 8pp,(t,F) are induced when

both, the strong and weak fields, are applied with

disregarded interatomic interaction Q™ (t,F) =0. SE(t,F)

and 8pp,(t.r) take into account the corrections to the

absorption/reemission rates induced by the perturbed
population inversion and polarization SA(t,F) and

Sppa(t.F). therefore here Q™ (tF)=0 and Q'=0.
SA(Z)(t,F) and Ep%)(t,?) represent the strongly non-linear

perturbation of the interaction item Q™ (t,F) , thus induced

by the dipole-dipole coupling of the perturbed population
and polarization of the medium.

The corresponding definitions of the introduced
perturbation items with the help of differential equations are
provided in [12]. When the steady state approximation is

applied for the pumping field (A(O) and pg;) are assumed

to be essentially larger in their absolute values in
comparison with the other items in (14) and (15)), the
appearing in the introduced kinetic equations (4) and (5)

integral Rabi frequency Q’”’(t,F) can be factorized to time
and space functions. Namely,

Q" (7)o 1K, F) (16)
where

1(k.7) = [dre® T (7). (17)
| (F.F)
"4

Here the integration is defined over the space volume

V outside the spherical shell with the radius equal to the
average distance between nearest atoms [y = PR

The absorption coefficient is proportional to the sum
of the absorption rates defined by the solution (14) and
(15). In building the transmittance curve defined by (14)
and (15), the time dependence of the amplitude of probe
field in the case of the near stationary system state
is neglect. This approximation (see more detailed
description for the approximation, for example, in [11])
allows us to use the exponential dependence of the
probe transmission on the distance passed by the probe
beam (along the Z-axis). Because the experimental
saturation gain (transmission) of about 2-2,5 is valid for
quite long paths, a relatively weak dependence of the
total probe absorption coefficient on the probe and
pump amplitudes can be used for further simplification.
Therefore, the following exponential dependence of the
probe intensity on the beam path length is in use

Iout

A = exp(—0jprZ) . (18)
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where the total probe absorption coefficient o, is defined

as the superposition of the coefficients "induced" by the
perturbations, introduced in (14) and (15),

oy = B0’ + 86 + 52 (19)
The following parameters are used in obtaining the
numerical results here and in the following example. The

fraction of atoms having their absorption frequencies
(due to the Doppler effect), equal to frequencies

N +25x10° Hz, is estimated to be 0,0124 at 617 K.
Atomic mass is  mpa = 0,3817668548x10%° kg;
@ =1x0,1017979636x10' Hz. The volume of the
sample cell is nx8,3x10% m>. Also, p=1725x10%° Cm
for D, linearly polarized laser beam. Pump Rabi frequency

‘QAF‘ is set 2,5 GHz. The initial intensities of pump and

probe laser beams are set equal to /;,= 8x10° W/m? and
'n = 15x10" W/m?, respectively; y = 2y,, = 61.543x10° Hz.

—— non-averaged

= averaged
)/ e N vl 1
/ \l |
20!/ (|
ial S \
i 17 W
S1.07 k
|: o 5 i II'I‘I
- LN

0.0

T T T T I‘Il‘ T
0 50 100 150 200 6600 6650
Number of atoms per cubic wavelength

Fig. 2. The "maximum" probe amplification as
a function of atomic number per cubic wavelength
at non-resonant pump frequency.
The thin line follows the density dependence
of transmittance with resolution 1 atom per wavelength;
the bold solid line shows the transmittance
as the averaged thin curve with resolution
about 23 atoms per wavelength. Pump is shifted
on 700M Hz relative to the averaged resonant frequency.
Effective beam path-length is 1/300 meters.

The graph in picture Fig. 2 shows the transmittance of
probe beam in the vicinity of the maximum gain depending
on the number of atoms per cubic wavelength, n, for non-
resonant pumping. Note, the relative pump detuning,
determining a maximum gain, is fixed at the same value as
for the vapor density defined by temperature 617 K. In the
figure the pump frequency is displaced on 700 MHz relative

to oy . As it can be seen, for the region of atomic densities

from 180 to 6625 atoms per cubic wavelength, the system
peak gain is in the saturation domain. Then, the curve
starts falling down after reaching the threshold value of the
atomic density at 6625 (or roughly saying, at 6630) atoms
per cubic wavelength.

For higher atomic densities than 6675 atoms per cubic
wavelength with detuned probe beam at the peak gain in
the saturation region, the system becomes non-transparent
for a probe signal. This can be explained by the shift of the
maximum gain points closer to the resonant frequency, as
it can be deduced from the analysis of the solutions (14)
and (15). Note, the same point of the relative probe
frequency, as for the maximum gain defined by the specific
detuning for the region of relatively low atomic densities, is
chosen in the region of the relatively high densities. The
nature of the behavior can be explained in the context of
the dependence of the corresponding absorption rate, that
is defined by the expression for the rate W*®in [12], on the
interaction integral, /, in (17).

Conclusions. Thus, the application of the previously
developed theory for testing the fundamental concept of
quantization for electromagnetic field through the research
of collective absorption/reemission effects in a strongly
pumped vapor of interacting atoms is provided. The near
resonant optical spectral line shape of pumped sodium
vapor at relatively high temperatures is analyzed in the
terms of collective effects, induced by the atom-field and
long-range interatomic interaction, using the additivity of
the corresponding absorption/reemission rates. The
numerical result in the form of graph, built by adding the
constituents of the total absorption coefficient, corresponds
to the contributions from different effects (perturbations).
This allows to describe the spectral line shape in the
related terms of induced by interatomic interaction
population inversion and polarization of the medium.
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A. Cixyk, kaHA. di3.-MaT. HayK,

kachegpa enekTpodpisnkum,

cakynbTeT paniodizaukn, enekTpPoHiku Ta KOMN'IOTEPHUX CUCTEM,
KuiBcbkuin HalioHansHUI yHiBepcuTeT imeHi Tapaca LlleByeHka, Kuis

NOrNMUHAINDBbHI BIIACTUBOCTI FA3IB
I3 KBAHTOBO-OMNTUYHUM MEXAHI3MOM B3AemoAIi

lpedcmaeneHo enemeHmu meopii deonpomMeHe8oi mexHiku "Hakayka—30HOyeaHHs1" A0CNiOXeHHs1 CMUMYJ/1b08aHO20 8UMNPOMIiHIO8aHHS
ma noz2nuHaHHA 6insi pe3oHaHcy. OnucaHo Memod ob64ucrieHHs1 KoegiyieHma noznuHaHHsA. [To6ydoeaHo kpuey noasnuHaHHA Onsi obnacmi
memnepamyp napie Hampito 8id 600 do 800 K 3 eukopucmaHHsIM aHanimu4YHUX eupa3ie 0151 MaKpOCKOMNiYyHO20 KoeghiyieHma no2auHaHHs,
nonepedHLO OMPUMaHO20 8 KiHemMUu4YHOMY HabGnuxeHHi Onsi cucmemu, sika e3aemodie 3 KO2epeHMHUM HakadyeaslbHUM i crnabkum
npomursnexHo HanpsiMieHUM NPo6HUM efleKmpoMa2HimHUMU NosssMU 3 Yacmomoro, wo 61u3bka 9o niHii D, napie Hampitro.

Knroyvoei cnoea: koeghiyieHm noz2nuHaHHs, KIHemu4He pi6HAHHS, oNMuUKa, amomapHuli 2a3, KeaHmoea onmuka, e3acModiss amowmie.

A. CnxykK, KaHp,. oun3s.-maT. Hayk,

kacheapa anekTpodpm3nkm,

dhakynbTeT paanoU3nNKK, eNneKTPOHMKU U KOMNbIOTEPHbIX CUCTEM,
KneBckuin HauMoHanbHbIW yHMBepcuTeT MeHu Tapaca LLeB4yeHko, Kues

NOrNOWATENbHbLIE CBOACTBA F'A30B
C KBAHTOBO-ONTUYECKUM MEXAHU3MOM B3AUMOOENCTBUSA

lpedcmaeneHbl anemeHmsbl meopuu ds8yxsly4e8oli mexHUKU "Hakayka—30HOupogaHue" uccsedo8aHUsi CMUMYIUPOBAHHO20 U3Jly4eHus
u noanoweHuss 8 obnacmu pe3oHaHca. OnucaH MemoOd eblyucieHusi Ko3agguyueHma noanouwjeHus. Ucnonb3ys aHanumuyeckue
ebIpaXXeHus 011 MaKpOCKONuUYyeckoz20 KoaghguyueHma nozaoujeHusi, npedeapumesibHO MoJjy4eHHble 8 KUHeMU4eCKOM MpubnuxeHuu
onsi cucmembl, 83aumodelicmeyoujeli ¢ Ko2epeHMHbIM HakaduearWuM U cnabbiM MPOMUEONOJIOKHO HanpaesieHHbIM MPO6HbIM
asleKmpomMaz2HUMHbLIMU MOSsIMU € 4Yyacmomol, 6nu3kol k nuHuu D, napoe Hampusi, nocmpoeHa Kpueasi noz2nowjeHuss Ans o6nacmu
memnepamyp napoe Hampusi om 600 do 800 K.

Knroyeebie cnoea: koaghpuyueHm noanouseHusi, KUHemu4yeckKkoe ypaeHeHue, ornmuka, amomapHbIl 2a3, KeaHmoeasi onmuka,
e3aumodelicmeue amomos.
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NUMERICAL STUDY OF THE PHASE SYNCHRONIZATION OF TWO SPIN-TORQUE
NANO-OSCILLATORS WITH RANDOM EIGEN FREQUENCIES AND INITIAL PHASES

Numerical analysis of the mutual synchronization of two spin-torque nano-oscillators (STNOs) with random eigen parameters
(frequencies and initial phases of oscillations) has been carried out. A numerical procedure for the determination of the system's
state (synchronization is present or absent) based on the analysis of the complex order parameter variations over time is proposed.
Estimation for the minimum number of simulations required for the robust analysis of the system's state has been made.

Key words: spin-torque nano-oscillator, synchronization, phase model, complex order parameter, numerical analysis

procedure.

Introduction. The spin-torque nano-oscillators
(STNOs) [2—-11, 17-23, 26, 28] based on the spin-transfer
torque (STT) [1, 13, 18, 24, 25, 26, 28] effect are now
considering as promising base elements for the future
electronics. However, if these devices are to be used for
practical applications, their microwave characteristics
(output power, linewidth and signal-to-noise ratio etc.) must
be improved [5, 9, 17, 18, 20, 26, 28]. For instance, this
can be done by using the mutual phase-locking of several
STNOs [2, 4, 9-11, 14-17, 19, 21-23]. Synchronization of
STNOs could also reduce an influence of existing
imperfections of STNO's manufacture technology on the
oscillators microwave characteristics [2, 5, 9, 17].

In this work we propose a numerical analysis procedure
for the mutual synchronization of two STNOs with random
eigen parameters. We analyze the stability of the proposed
numerical procedure and estimate its efficiency for the
case of STNOs having normal distribution of eigen
frequencies and uniform distribution of initial phases. We
consider the general case of two coupled nano-contact
STNOs [13, 18, 21-23, 28] without account of the exact
type of coupling. Thus, our results are universal and valid
for different types of coupling.

Theoretical model. The microwave magnetization
dynamics in two weakly-coupled STNOs is described by
the system of coupled nonlinear equations for the complex

amplitudes o (t) of spin wave modes, excited in j-th nano-

contact, j,k={12} [14-16, 21-23]. In the scope of the
generalized phase model [14-16] these equations are
transformed to the equations for the generalized phases of
the oscillations ¢ (t) and ¢, (t) for the first and second

STNOs, respectively [14-16, 21]:

d .

T‘/H_z,,ﬁ =21M58in(p2 — @1+ B12).
(1)
T_Z”fz = 272'/12’1 Sin(¢1 — @ +ﬂ2«1) .

Here f/- is the natural (free-running) frequency of j-th
oscillator, Ajk is the amplitude of the coupling between
J-th and k-th oscillators, and p;, is the coupling phase.

Both amplitude Ajk and phase Bk of the coupling are

renormalized by the nonlinearity of the oscillators
[14-16, 21].

In the experiment, STNQO's eigen frequencies f]

substantially vary from one oscillator to another due to the
technological uncertainties during the STNO manufacturing
procedure, presence of defects and impurities, etc. Thus,
the frequencies f/ should be considered as random

may

quantities having certain probability distribution P(f/-). For

simplicity we assume that this probability distribution is the
same for each oscillator as well as the mean p and

variance Af? of the distribution. Without loss of generality,

we assume that the average frequency <fj>:u of the

oscillators is about dozen of GHz (otherwise, we can
perform transformation ¢; (t) > ¢; () = ; (t)-27ut , that
does not change form of Egs. (1)). Below we consider only
the case, where the frequency distribution P(fj) is the

Gaussian distribution:

2
1 1(fi—u
Ps(f;)=——exp|-=| £
5 (1) A2z T 2( Afj - @
The coupling amplitudes Ajk and phases Bjk depend

on the coupling mechanism between oscillators and on
their properties (nonlinearity). Here we analyze the
simplest case of practical interest — the case of global
coupling [12, 15], when

Below we will numerically study the globally-coupled
STNOs using model (1) with coupling (3), when the eigen
frequencies of the oscillators are distributed by the
Gaussian distribution (2). The main subject of study is an
influence of the amplitude A and phase g of the coupling
on the system's state (the synchronization is possible or
impossible).

To characterize the state of two weakly-interacting
STNO we use the time-dependent complex order
parameter [12]:

rzr(t)zR(t)eilP(t) :%(ei“(the“”(t)). (4)

The amplitude R=R(t)

parameter characterizes the efficiency of phase-locked
oscillations, while the rate of the phase change d¥ (t)/dt

of the complex order

gives the frequency of phase-locked oscillations.

As one can see from (4), when the STNO's
magnetization oscillations are not synchronized the
difference between the phases ¢(t), ¢,(f) is not

constant and the amplitude R of the order parameter
varies over time. Thus the variance of R, AR, along with
R characterize the existence and stability of the
synchronized state. Synchronization of the STNO's
magnetization oscillations is possible when the variations
AR are quite small over some time At only

© Sulymenko O., Prokopenko O., 2016
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(synchronization is present during this period of time At ),
while the absolute value of R at some time t=¢t;
characterizes the difference between the phases ¢1(t0),
2 (to) only.

Numerical model. Our numerical model is based on

the numerical solution of Egs. (1) for some particular
values of Ay =Apy=A, B1p=Pr1=p8, fy, f, and known
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initial conditions ¢;(0)=0, ¢,(0). During the numerical
calculations we assume that the average value of STNOs'
frequencies is (f;) = (f,) = u and At = ul , where ¢ s the
dimensionless parameter that characterizes imperfection of
the system. The initial phase of the second STNO ¢, (0) is

calculated as random value having rectangular distribution
over range [0;27].
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Fig. 1. Dependence of the variance parameter <AR>N . [see Eq. (6)] on the phase [} and normalized amplitude A /2mp
of the coupling for the different number of simulations: (a) N=10; (b) N=50; (c) N=100; (d) N=200; p=12 GHz

The dynamics of general phases ¢(f), ¢5(t)

depends on random values f;, f,, and ¢,(0) and,

therefore, shows random behavior. To determine the
system's state for given x4, ¢ we use the following

procedure:

1) We choose some particular values of the amplitude
(A=2x-&-u)and phase () of the coupling.

2) For known values of x and ¢ we calculate
random frequency values f
o (0) IS [0; 27[] the
Pr(92(0))=1/27,0< p,(0) <27 (note, that for simplicity
we can let ¢;(0)=0).

and f, using (2) and

from rectangular  distribution

3) Using previously determined random values ¢;(0)=0,
»,(0), f;, f,, we numerically solve the equations (1) and get

its solution, the phase vector ¢ (t) ={¢(t),¢,(t)} . Then we
calculate the modulus of the complex order parameter as a
function of time, R(t), from (4).

4) We repeat steps (2) — (3) N times and for each i -th
simulation cycle calculate the modulus of the complex
order parameter as a function of time R;(t) for given

random quantities ¢,;(0), f;, f;, i=1N. Then we

calculate average value of (R), (t) as:

®)
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5) We choose a period time [T-7;T|, where the

system's state should be analyzed. Here T is the total
simulation time, 7 1 is the duration of the time period
where synchronized state of the system should be
checked. To describe the STNOs' state we introduce the
average variance parameter

1 N 1 n 2
(R = 2 ;;[&-(n)—mm(n)} 0
where n is the number of time points t in time interval

[T-zT], j=1n.

6) Then we choose a value of the acceptable relative
deviation p of the modulus of the system's complex order
parameter. If the following inequality

(4R),,, < p(R)y (7)
is true, then we assume that the STNOs are synchronized,
otherwise — the synchronization is absent. In our

simulations we use the value of p =0.01.

Results and discussion. Using the above described
numerical procedure we calculate the dependence of the
variance parameter <AR>N’t [see Eq. (6)] on the phase B

and normalized amplitude A/27u of the coupling for the
different number of simulations N (Fig.1). As one
can see, the average variance parameter (AR),

substantially depends on the number of simulations N .
For small values of N (AR), _ could be not statistically

stable and might vary in a wide range (see Fig. 1(a)). On
the other hand, if the number of simulations N is quite
large, the deviations of (AR), are small (see Fig. 1(d)),

but this could also cause an increase of the calculation
time and/or accumulation of the computational error.
Therefore, there should be an optimal number of

simulations N, when both the total computation time

and computation errors are quite small.

0.1 . . .
(AR). | . ]
0.075
3 -
................ .
__2__ \ T
0.05 =
1 . -
~ L e i
0.025 S AR
\
0
0 50 100 150 200

N

Fig. 2. Dependence of the average variance parameter (6)
on the number of simulations: (1) $=0.2m,§ =0.1;
(2) B=0.2 , §=0.5; (3) B=0.5 1, § =0.5

Using our numerical data presented in Figs. 1, 2

we can estimate the optimal number of simulations
as Nyt ~100. As one can see from Fig.2 the

characteristic deviations of <AR>NT practically do

not change or change slowly for N >100. However,
the behavior of (AR), ~depends on the phase of

coupling B and
coupling parameter ¢ . The system's dynamics is the
most unstable for f=7/2+2zk, ke Z (see curve 3 in

the dimensionless amplitude of

Fig. 2). The instability of (AR),  also increases with

the increase of ¢ .

Conclusion. We developed the numerical analysis
procedure to study the dynamics of two weakly-
coupled STNOs with random eigen parameters and
have demonstrated that the system's dynamics were
conveniently described by the average variance of the
system's complex order parameter. We have shown
that the proposed procedure had quite low computation
time, high accuracy and stability when the number of

simulations were about Ny, ~100. We have also

shown that the exact optimal number of simulations
depend on the phase and amplitude of the coupling
between the oscillators.

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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YUCNOBE JOCNIOXEHHSA ®A30BOI CUHXPOHI3ALI
ABOX CMIHTPOHHUX MATHITHUX HAHOOCLIUNATOPIB
13 BUNAOKOBMMU BITACHUMU YACTOTAMU TA NOYATKOBUMUN ®ASAMU

lMpoeedeHo 4ucnoeuli aHani3 e3aeMHOI ¢ha3080i CUHXPOHI3ayii 80X cNiHMPOHHUX Ma2HIMHUX HaHoocyunsimopie (CMHO) 3 eunadkoeumu

enacHumu napa pamu (4acmc I ma noya

8UMU ¢hazaMu KosiugaHb). 3arpornoHO8aHO 4Yucjiosul anzopumm Ons eu3HayeHHs cmaHy

cucmemu (€ CUHXPOHi3auisi, Yu Hemae it), sikuli 6a3yembcsl Ha aHani3i Yacoeoi 3aneXxHocmi 3MiH KOMIJIEKCHO20 napaMempa nopsiGky npomsi2om
neeHo2o nepiody 4Yacy. 3po6rieHo OUiHKYy MiHiManbHOI Kinbkocmi mModestoeaHb, HeO6XIOHUX ONi1 ompuMaHHS CMamucmu4YyHO O6rpyHmMoeaHux

pe3ynbmamie ujo00 cuHxpoHisayii deox CMHO.

Knro4oei cnoea: cninmpoHHuli Ma2HiMHUl HaHOOCYUIIMOP, CUHXPOHI3ayisi, gpazoea Modesib, KOMIMIeKCHUL napamemp MopsioKy, an2opumm

4UC/108020 aHanisy.

0. CynumeHko, acn.,

O. NMpokoneHko, A-p pun3.-maT. HayK, AOLL.,

kacdpeapa HAaHO(PM3NKN U HAHOINEKTPOHUKH,

baKkynbTeT paanodrU3nKmN, INEKTPOHUKU U KOMNbLIOTEPHBLIX CUCTEM,

KueBckuit HauMoHanNbLHbIN YyHMBepcuTeT UMeHn Tapaca LLleByeHko, Knes

YUCNEHHOE UCCNEOOBAHUE ®A30BOW CUHXPOHU3ALM
ABYX CMMUHTPOHHbIX MATHUTHBLIX HAHOOCLIMITNIATOPOB
CO CNYYANHbIMU COBCTBEHHBLIMU YACTOTAMU U HAYATbHbIMU ®A3AMU

lpoeedén yucnoeoli aHanu3 e3aumMHol ¢ba3oeoll CUHXPOHU3ayuu O8yX CMUHMPOHHbIX Ma2HUMHbIX HaHoocyusmnsmopoe (CMHO) co
cnyyaliHbiIMu co6cmeeHHbIMU napaMempamu (4acmomamu U HaYalbHbIMU ¢ha3amMu KonebaHul). [pednoxeHo 4Yucnoeol anzopumm 0Ons
onpedesieHUs1 COCMOSIHUA cucmeMbl (€CmMb CUHXPOHU3ayusi, Unu oHa omcymcmeyem), Komopbili OCHO8aH Ha aHanu3e epemMeHHol 3asucumocmu
u3MeHeHUll KOMIMIEKCHO20 Napamempa nopsidka Ha NPOMsKEHUU ornpedesleHHO20 8peMeHHO20 uHmepeana. [lpoeedeHa oyeHka MUHUMaILHO20
Konuyecmea modesiupogaHull, Heo6xoOuMbIx OJIsi MOJTYYEHUsI cCmamucmu4ecku 060CHO8aHHbIX Pe3ysibmamos CUHXpoHu3ayuu dsyx CMHO.

Knioyeenie crnoea: cnuHMpPOHHbIU Ma2HUMHbIG HaHOOCUUJIISIMOP, CUHXPOHU3ayusi, ¢pazoeasi Modeslb, KOMIMIEKCHbIU napamemp nopsioky,
anzopumm 4ucrieHHoO20 aHau3a.
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NON-INVASIVE OPTOELECTRONIC DEVICE FOR DETERMINING
THE TOXICITY OF CARBON MONOXIDE

The non-invasive mobile device had been developed for determining the oxygen saturation of hemoglobin in arterial and
venous blood as well as carboxyhemoglobin level in the blood. The developed device will reveal the poisoning with carbon
monoxide in vivo directly on the ground. The device testing showed satisfactory operational results. The correctness of the data

processing algorithm has been tested.

Keywords: CO-oximeter, CO-pulse oximeter, carboxyhemoglobin, oxyhemoglobin, saturation, microcontroller, led.

Introduction. The effective treatment of the carbon
monoxide poisoning needs a fast identification. Invasive
chromatographic and spectrophotometric methods
require stationary equipment and hardly fit for use on
the place. For fire service and ambulance, it is important
to have a compact high-speed device of non-invasive
measurement of carboxyhemoglobin concentration in the
blood. For example, it can be a pulse oximeter.

The first pulse CO-oximeters appeared not so long ago.
Nowadays there are serial pulse CO-oximeter, Rad-57
(Masimo Corporation, the USA) [5] and announced
elaboration of a pulse oximeter, which measures HbCO.
The last one is made by Nihon Kohden Corporation [7].

Pulse CO-oximeter Rad-57 measures fractional arterial
saturation, concentration of carboxyhemoglobin and
methemoglobin concentration. Eight wavelengths sensor
in the visible range and implemented an original algorithm
for signal processing (Masimo Rainbow SET (Signal
Extraction Technology)) are used here. 160 volunteers
including smokers were involved in a research for precision
measuring of carboxyhemoglobin concentrations. It was
done by comparison analysis of blood samples on the
analyzer ABL-700. The research showed that in the range
of HbCO concentration from 0 to 40 % the measurement
accuracy is 2,8 % while a coefficient of correlation is 0,97.

Three wavelengths finger sensor was used in the Nihon
Kohden pulse oximeter. Experiments, which included
inhalation of an air mixture with CO, showed a quite high
pulse oximeter (SpCO) and CO-oximetry (SaCO) data
correlation (r=0,92; P < 0,001).

The aim of this work is the develop of a non-invasive
optoelectronic device for determining relative concentration
of carboxyhemoglobin in the blood.

The spectroscopic method for the determination
of carboxyhemoglobin. The hemoglobin molecules can
be easily detected by spectrophotometric methods. The
variable molecular structure of heme in various
hemoglobin derivatives creates unique absorption
spectrum [2]. The typical absorption spectra allow
determining the concentration of each hemoglobin
derivative in a mixture. It was used to develop a method
of the measurement of the relative carboxyhemoglobin
concentration [4].

The method is a modification of the pulse oximetry
method. The number of Beer-Lambert equations in the
system determines the number of parameters, which can
be defined. The third-longest wavelength is entered to
determine the carboxyhemoglobin concentration. Light
intensity, which passes through biological tissue, is
described by the next equations:

Hb O cO
L= ei(s}"] 'CHb'd+8L']2 -002 'd+8k1 -Cco‘d+8;\1'l)
1=701

I2 _ Ioze*(sfgCHb-dJrsg% -002 'd+8gg-CCo-d+S;\2-l)
I3 _ Iose*(sgg-CHb-d+8§?§ -002 -d+8§?3O~Cco'd+8)v3-/)
where Iy, I, I3 — the intensities of light passed through
the investigated object for three wavelengths respectively;
lo1, lpa, lps — the intensities of light radiated by (light-

emitting-diodes) LEDs at three wavelengths respectively;
Hb 0y CO

€ °€ 2€, »€, — the absorption coefficients of
deoxyhemoglobin (Hb), oxyhemoglobin (HbO2),
carboxyhemoglobin  (HbCO) and bloodless tissue

(depending on the wavelength); Cup> 002 Cco - the

concentrations of deoxyhemoglobin, carboxyhemoglobin
and oxyhemoglobin respectively; d — the thickness of the
blood layer; 1 — the thickness of bloodless tissue.

Light intensity modulation by pulse wave of blood
allows to exclude components, which do not pulse,
(biological tissues) and it helps to get the expression of
relative carboxyhemoglobin concentration such as [8]:

_§(.CO _Hb O
Stvco = (e, 8,7, Ro1 Raq), (1)
where R,; — the coefficient of linear regression of
logarithms (or ratio of modulation coefficients) values of

light signals at the first and the second wavelengths; R3; —

the coefficient of linear regression of logarithms (or ratio of
modulation coefficients) values of light signals at the first
and the second wavelengths on the third and the first
wavelengths.

The analysis of the spectra shows that to detect the
carboxyhemoglobin in the blood using the optical
method in the visible range it is reasonable to use a
radiation source in the range of 550 to 570 nm which
has a quite narrow emission band with a maximum
around 565 nm.

The L-53MGC (Kingbright) typed LEDs or their
analogies in InGaAIP with Amax = 568 nm are the most
suitable for the range of commercially available LEDs.

Architecture and circuit design. We used the
following architecture to accomplish the task: the
microcomputer with a relatively high capacity which using
UART interface connects to the microcontroller with a
large set of necessary peripherals (ADC, DAC, digital
inputs/outputs, etc.) was applied as a device for the
collection and processing of data. The microcontroller
manages the pulse oximetry sensor operations (selecting a

© Titov D., Kyiashko Y., Afanasieva T., Mamilov S., 2016
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channel and adjusting the brightness), selects the
reference voltage value of the 2nd stage of the amplifier of
the current-voltage converter for cleaning some part of a
constant component and measuring the output voltage.

The possibility of adding other sensors (the
concentration of CO and CO; in exhaled air, etc) for a
more accurate diagnosis of poisoning by carbon
monoxide was provided. While developing the
software, the most abstract level methods to operate
with the peripherals and to control the microcontroller
by the microcomputer were implemented.

We select the Raspberry Pi 2 model b as the
microcomputer due to a large set of interfaces (CSI
Camera interface, DSI Display interface, Ethernet, HDMI,
MicroSD card reader, etc.) and high performance (4 cores
architecture ARM Cortex-A7 900 MHz, 1 GB DDR2 RAM).

The STM32F100C8T6 microcontroller was used. Due
to the high bit depth ADC and DAC (12 bit), it allows the
measurement of the output signal from the amplifier with

high accuracy and generating a reference signal in the 2nd
stage of the amplifier.

Sensor for measuring relative concentrations of the
hemoglobin forms has the same design as Palava pulse
oximetry sensor and consists of 3 x light emitting diodes
with wavelengths of 568, 660, 940 nm and a BPW34
photodiode.

The control of the LED brightness is performed by
using a digital-to-analog converter according to the scheme
shown in Fig. 1. In this circuit, the transistors work in a key
mode. Opening/closing of the transistors is implemented
with a digital controller outputs PA3, PA6, PA7. The voltage
at these outputs is 3.3 V. So, taking into account the
bitness of the DAC, the resulting step change in voltage at
the DAC output is 8:107* V. In this way, the calibration of
the pulse oximeter is provided depending on the
physiological characteristics of the investigated area of the
patient's body.

LED
»
R4
R5 LEDA‘
I 1
\ G Pl
R6 IRED
1 LED
v
) GREEN
[
R1 Q1
|
PA3 I } Q2
R2 Q3
R3 -
—

1

Fig. 1 The control scheme of LED

The amplifier circuit as shown in Fig. 2 consists of two
cascades. The first stage is the current-voltage converter,
which converts the received photodiode current of a few pA
into a corresponding voltage of 10 V. The high-pass filter
reduces interference from background light. To be sure that
an output signal level of the amplifier is in the ADC working

+3.3V.  C2

—=

r‘}w - c3
P .- |'/"; I

range we made the circuits with the output voltage control
(ADC1) and the reference voltage generation (DAC2). The
second stage is the amplification voltage scheme used the
operational amplifier. It amplifies the voltage to the level of
the operating range of the ADC.

| ADC2 )

Fig. 2. The scheme of amplification
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Through a non-frequency nature of interference which
makes a basic error in the measurement of relative
concentrations of hemoglobin forms, the use of classical filtering
methods is ineffective. To solve this problem the method of
adaptive filtering described in reference [1] was considered.

The adaptive filter consists of two parts: a digital filter with
adjusting coefficients and the adaptive algorithm that is used to
set or modify the filter coefficients.

The use of the adaptive filter is allowed to determine the
level of SpO2 and HbCO in the arterial blood by searching the
maximum output power of the filter as follows [6]. At first, we

generate a reference signal N, =rl;, -1, (where r — the ratio
of the change in the intensity of the infrared to the red channel,
I, — the intensity of infrared light passed through the

investigated area, /, — the intensity of the red light) by changing

r from 1 to 100.

Then we supply a reference signal to the adaptive filter as a
signal which contains information about the error and the raw
signal from the red channel. From this data, we calculate the
output power of the adaptive filter and determine the r value in
which the output power of the filter reaches a maximum value.
Obtained value r is used for the determination of oxygen
saturation in the arterial blood.

This process can be described by the flowchart shown
in Fig. 3.

Ml iter 1 IMET-power
\lﬂ ) [ filter power
+b sec> Reference
¥) signal

5

B sec™ g'
r g |'|

SpOy = 95% H

o

30 40 5060 70 809095 100
SpOy

Fig. 3. The flowchart for finding the values of r,and r,

The Free RTOS operating system is used to manage the
resources of the microcontroller. The use of the Free RTOS
operation system simplifies the dispatching of threads,
tracking of the digital inputs/outputs states, the reception and
transmission of information via interfaces for data exchange,
the works with constant memory and time control.

Since the Raspberry Pi single Board computer is a
complex device so the Linux operating system is used to
control of their resources. Due to high demands on the device
start time the use of the existing operating system distributions
through their redundancy and as a consequence
unacceptable load time, which was 28-32 seconds has
eliminated. To decrease the loading time we had to rewrite the
makefiles and to compile the Linux kernel with a set of the
Buildroot build tools. The result, the loading time reduces to
3.4 seconds.

To receive data from the controller and further processing
and storage on the microcomputer the program in the
programming language C++ using the Qt was created. The
program allows determining the relative concentration of
carboxyhemoglobin in the arterial blood and oxygen saturation
of arterial and venous blood.

To test the ability of the device to detect changes in the
concentration of HbCO was carried out an experiment in
which the person that is not smoked for over 12 hours, was
taken to plethysmogram to Smoking and 5 minutes after
Smoking. For reasons of clarity, the Smoking process was
carried out immediately after removal of the first
plethysmogram. The results are shown in figure 4.

As can be seen from figure 4 it has changed the value of

the coefficient R,3 (between infrared and green channels).

The change in this ratio is confirming the ability of the device
to respond to changes of carboxyhemoglobin in the blood and
is used to calibrate the device.

Calibration of the device is quite complicated and lengthy
process that is costly, as time and material. For the calibration

process cannot be overlooked and the value of R;; (between

the red and green channels) through the strong similarity of
the absorption spectra of the investigated forms of hemoglobin
in the field of green-orange light, so the calibration was not
carried out.
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Fig. 4. A graph of the values of the coefficients Ry3, R,3 during the experiment with Smoking
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To check the correctness of the implemented algorithm,
the test plethysmograph was processed using our program
and the implementation of the ICAMF (Mean Field
Independent Component Analysis) method. The ICAMF
method has the highest accuracy among the known
methods (value SpO. average deviation of 2.6 % vs. 3.0 %
in the DST (Discrete Saturation Transform) as was shown
in the study of Technical University of Denmark [3]. The
results of the comparison are shown in Fig. 5.

—| F
r l o r(e:éo'Mation ]
4 |- algorithm
3 | & o o 1

50 100 150 200 250
Subsample number

Fig. 5. The comparison between ICAMF method
and the implemented algorithm

The value of the average deviation relative to ICAMF
amounted to 4 %, which can be considered a satisfactory
result.
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Conclusion. Thus, the device for determining the
relative concentration of carboxyhemoglobin in the arterial
blood, and the oxygen saturation of arterial and venous
blood using the non-invasive method was developed. The
simultaneous determination of these parameters in vivo
allows investigating the processes of the oxygen transport
in the conditions of strong and moderate poisoning with
carbon monoxide, including anthropogenic origin.
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HEIHBA3WUBHUA ONTOENEKTPOHHUMA MPUCTPIX AN BUSHAYEHHSA
OTPYEHHA MOHOOKCMOOM BYIMNEL|IO

Po3pobneHo HeiHea3zusHuli MOGIiNbLHUU npucmpili 0551 8U3Ha4YeHHS1 Pi6HS HacU4YeHHs1 apmepiasbHOi Ma 8eHO3HOI Kposi KucHeMm i emicmy
Kkap6okcu2emo2s106iHy 8 Kpoei, uyo 0o380/IUMb 8USIBJISIMU OMPYEHHSI MOHOOKCUAOM 8yaneyto in vivo 6e3nocepedHbo Ha micyi nodili. Anpo6auis
npucmporo nokasasna 3adoeinbHi pesynsmamu liozo pobomu. lNepesipeHo kopekmHicmb po6omu peasnizoeaHo2o anzopummy 0Ossi 06po6KuU OaHUX.

Knro4oei cnoea: CO-okcumemp, CO-nynbcokcumemp, kapb6okcu2emo2s106iH, okcuzemo2s106iH, camypauisi, MikpokoHmposiep, ceimso0iod.
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HEMHBA3WBHOE ONTO3NEKTPOHHHOE YCTPOMUCTBO ANA ONPEAENEHUA
OTPABJIEHUA MOHOOKCHUOOM YIJIEPOOA

Pa3spa6omaHo HeuHea3ueHoe Mo6unbHoe ycmpolicmeo Onsi onpedesieHUsI YPOBHSI HacbliWeHUsI apmepuanbHOlU U 8€HO3HOU Kpoeu
KucnopodoM u codepxaHusi kap6okcuzemMoa/106uHa 8 Kpoeu, Ymo Mo380JUum 8bisAesisimb ompaessieHUss MOHOOKcudom yanepoda in vivo
HenocpedcmeeHHO Ha Mecme cobbimuli. Anpo6ayusi ycmpolicmea rnoka3ana ydoesniemeopumesnbHbie pe3ysibmamsbl pabomsl ycmpolicmea.
lpoeepeHHass KOppeKMHocmb pabomsbl peasiu3o8aHHO20 aszopumma 015 o6pabomku GaHHbIX.

Knro4eenie cnosa: CO-okcumemp, CO-nynbcokcumemp, Kapb6okcuzemMo2/106UH, okcuz2eMo2/106uH, camypauyusi, MUKPOKOHMpoJep,

ceemoduod.
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CALIBRATION OF SPECTRAL RESPONSE OF THE SDH-IV SPECTROMETER

In the last few years, low temperature plasmas have been used more and more in a great number of scientific and
technological fields, and optical emission spectroscopy (OES) has been the most commonly used technique for their analysis.
The usual optical system employed for plasma diagnostics is composed of a spectrometer or monochromator, detector and
optical fiber or lenses, which must be calibrated to correct the different spectral responses of each component in this system.
Therefore, methodological guidelines for determination and calibration of spectral response of optical instruments are presented
through the calculation of spectral sensitivity of the high-aperture compact SDH-IV spectrometer in the spectral range from 345
to 605 nm. Calibration of spectrum was performed by fitting of measured emission of a tungsten ribbon lamp and halogen lamp

to theoretically calculated values.

Keywords: spectral sensitivity, spectrometer, tungsten ribbon lamp, halogen lamp, blackbody, wavelength, emission

coefficient.

Introduction. During the last half century, low-
temperature plasmas have made a dramatic impact on
society, significantly improved the quality of life, and provided
challenging scientific problems. Examples are the fluorescent
lights that can be found in almost every home; high-power
switches that control the electrical grids; gas discharge lasers,
including the red He-Ne laser, which was the first gas laser
invented, and the high-power, infrared, CO2 lasers that are
used daily in surgery and metal working; and plasma sources
that provide positve and negative ions for ion-beam
accelerators. These ion sources are used to implant ions into
materials, including semiconductor chips for the computer
industry, and to harden bearings to increase the life and
reliability of high-performance engines. Provided the
opportunity, the field of low-temperature plasma will continue
to make significant contributions [1].

In order to understand the possible advantages of a given
plasma, it is necessary to know the energy available in it,
mainly in the form of the kinetic energy of the electrons and
heavy particles (such as atoms and ions), measurable by
means of electron temperature Te and gas temperature Tg,
respectively. Other parameters of the discharge, such as the
electron (ne), atom (in several excited states, np), and ion (n+)
densities, also determine its capability for the excitation or
ionization of the atom and molecules introduced into plasma.
Atom and ion densities describe the atomic state distribution
function (ASDF) of the discharge, which informs how the
atoms and ions are distributed in their different excited states.
Moreover, this distribution describes the degree of
thermodynamic equilibrium in plasma, which is related directly
to the processes (internal kinetics) that take place during the
discharge and the possibility of using plasma for different
scientific and technological purposes.

Among all the techniques dedicated to the study of
plasmas, based on analysis of the light emitted by plasma,
optical emission spectroscopy (OES) is one of great interest
due to its non-disturbing character which does not modify
discharge kinetics.

Generally, the system employed in OES is made up of a
monochromator that selects the wavelength of the
electromagnetic radiation emitted by plasma to be registered,
or a spectrometer, a detector that transforms the luminous
signal into an electrical one and a system of lenses or an
optical fiber that picks up the radiation emitted by plasma and
drives it to the entrance slit of corresponding optical device.

The components of the optical system have a different
intensity response to each wavelength. So, prior to its
application in order to analyze the radiation emitted by any
light source, its intensity calibration is required [2]. The latter
can be performed in one of the two ways: either the absolute
spectral responsivity of a detector with respect to a primary
detector standard is determined, or the detectors (or, more
generally, detector-based systems) are calibrated through
using known sources of spectral radiation. The absolute

determination of detector spectral responsivity requires
sophisticated measurement equipment and methods,
available only in a limited number of national metrology
institutes (NMIs), therefore nearly all calibrations of
instruments used for the measurement of thermal radiation
are performed using accurately known sources of spectral
radiation. In principle, two sources of calculated spectral
radiation are available, either synchrotron sources calculable
using the Schwinger equation or blackbody sources calculable
using the Planck function [3]. In practice, due to the major
investment required to acquire a synchrotron source, only the
application of blackbody radiation offers a practical solution for
instrument calibration at nearly all NMIs and calibration
laboratories. Therefore, intensity calibration lies in the
comparison between the radiation emitted by a standard light
source, whose emission is known, and this radiation
registered by the optical system.

In this paper, authors have determined a spectral
sensitivity of the spectrometer SDH-IV in the spectral range
345-605 nm.

Theory. Blackbody radiation. Kirchhoff in 1860
introduced the theoretical concept of a perfect blackbody, the
emission of which does not depend on its physical or chemical
properties and its composition, and does depend only on
temperature. Such body is expected to completely absorb all
incident radiation, and neither reflect nor transmit any. This
holds for radiation of all wavelengths and for all angles of
incidence. A blackbody in thermal equilibrium (i.e. at a
constant temperature) emits electromagnetic radiation called
the blackbody radiation, which is described by Planck's law.
The spectral radiance of a body, Bv, describes the amount of
energy it gives off as radiation of different frequencies. It is
measured in terms of the power emitted per unit area of the
body, per unit solid angle that the radiation is measured over,
per unit frequency. Planck showed that the spectral radiance
of a body at absolute temperature T is given by:

2mvd 1
B,(v,T)= 2 W (1
ekeT _1

where k, is the Boltzmann constant, h is the Planck
constant, and c is the speed of light in the medium,
whether material or vacuum. The spectral radiance can
also be measured per unit wavelength instead of per unit
frequency. In this case, it is given by:

2nc? 1
B\(AT)= 5 e ()
e)\kBT_l

In the limit of low frequencies (i.e. long wavelengths),
Planck's law tends to the Rayleigh-Jeans law, while in the
limit of high frequencies (i.e. small wavelengths) it tends to
the Wien approximation [1].

© Tmenova T., Veklich A., Boretskij V., 2016
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Kirchhoff's law of thermal radiation. Idealized
blackbodies do not exist in nature. To quantify how close a
practical blackbody is to an ideal blackbody the concept of
emissivity has been introduced. Emissivity is a measure of
the deviation of the ability of a real surface to emit thermal
radiation in comparison to an ideal blackbody. The
emissivity of a real surface is, in principle, a function of
wavelength, temperature and angle of view. Emissivity is
measured by determining the ratio of the spectral radiance
of the source/surface with respect to the spectral radiance
of an ideal blackbody at the same temperature.

If we consider a system consisting of several bodies
and residing in the state of thermal and radiative
equilibrium, and one of the bodies is the blackbody, then
one can say that the Kirchhoff's law of thermal radiation
holds for such system. The law states that for any material
at all, radiating and absorbing in thermodynamic
equilibrium at any given temperature T, for every
wavelength A, the ratio of emissive power to absorptive
power has a universal value, which is characteristic of a
perfect blackbody, and is an emissive power which is here
represented by BA(A,T). It can be illustrated with the
following relation:

BT _BOT)_  _ByAT)_ fAT)=By7, (3)
a(AT) a;(AT) a,(AT)
where BA,T is a spectral radiance of the blackbody for the
wavelength A at temperature T, Bi(A,T) and ai(A,T) —
spectral radiance and absorptivity of the i-th body at the
absolute temperature T.

On the basis of Kirchhoff's law, spectral radiance of any
body at all can be expressed through the spectral radiance
of a blackbody:

B,(AT)

Bi(AT)=0;(AT)-Byr - (4)

From the radiant energy emitted, in turn, the
temperature of bodies may be estimated, and that forms a
principle on which optical pyrometry is based. Therefore,
the temperature of the incandescent bodies is measured
via optical methods without direct contact with body [4].

Optical pyrometry. Up to the present date, optical
pyrometry methods are the only one used for
measurements of high temperatures (above 2000 K).
The calculation error in case of application of these
methods comes up to a few percent.

Whereas the radiation of real bodies differs from that of
the blackbody, measurement of their temperatures in
accordance with the laws of blackbody emission has its
peculiarities. The more selective is the radiation of real
body, the more evident are these peculiarities. Depending
on the applied law of radiation, following three types of
temperatures are considered: radiant, color and brightness
temperature. These temperatures are somehow related to
the true body temperature. The latter is the temperature of
thermometric body residing in the thermal equilibrium with
the emitting body [1].

Radiant temperature. Radiant temperature can be
obtained on the basis of the Stefan—Boltzmann law. Specifically,
the Stefan—-Bolizmann law states that the total energy radiated
per unit surface area of a blackbody across all wavelengths per
unit time (also known as the blackbody radiant exitance or
emissive power), Re is directly proportional to the fourth power
of the blackbody's thermodynamic temperature T

Ry, =0T,*. (5)

The constant of proportionality o, called the Stefan—

Boltzmann constant derives from other known constants of
nature. The value of the constant is

omokgt

23

= =5.670373x107%, W3m2k™.
15¢

Temperature, obtained from (5), is temperature of the
blackbody. If body whose temperature is being measured
is real, then radiative pyrometer will determine only its
radiant temperature. The latter equals to the blackbody
temperature, radiosity of which equals to that of the
given body [1].

Color temperature. Color temperature of the body is
the blackbody temperature, whereby the maximum of its
emissive power coincides with that of the real body. Such
temperature can be determined on the basis of the Wien's
law. Once the wavelength corresponding to the emissive
power maximum is determined, we have:

T, - 0.2898 ’ ©6)
)‘max
where Tc is the color temperature, Amax is the
wavelength in cm.

Color temperature of the body differs from its true
temperature. True temperature of the given body can be
obtained from the following formula:

|n%:b'£
by, b

1 :i+ Y , )
7—true Tc C i_i
A UVEY
1 A2

where b’y; and b’y are the emissive powers of the body for
two different values of wavelength, respectively, by and by
are the emissive powers of blackbody for the same
wavelength values, C, = 0.01439 m-K [1].

Brightness temperature. Once the brightness of body
in the range of wavelength A, A+dA is determined,
brightness temperature can be obtained using the
Planck's law. Calculations of a numerical value of
spectral brightness are complicated enough, therefore
this procedure is limited by comparison of brightness of
a studied body in wavelength range A, A+dA and
brightness of a standard emission source. Generally,
such measurements are performed at wavelength
0.665 uym — an effective wavelength of a pyrometer.

Determination of body temperature by its brightness is
the most common method of an optical pyrometry. It can
be carried out using disappearing filament pyrometer. The
simplest design is shown in Fig. 1. A thin wire (filament),
placed at the focal plane of the objective lens, is heated
by electric current. When seen through the eyepiece, the
wire appears silhouetted in front of the hot luminous
object under investigation. The user compares the
brightness of the glowing filament with the object behind,
and adjusts the current through the filament until it seems
to "disappear” in front of the glowing object. At that point
the filament and object are at the same temperature. The
user then reads the temperature off the filament current
control dial, which is calibrated by the filament's current-
vs-temperature curve or in some instruments from a
current-vs-temperature table [1].

If studied body is a blackbody, then temperature,
determined in such way, will be its true temperature. If real body
differs from a blackbody, then such temperature will be its
brightness temperature. Relation between true and brightness
temperatures can be expressed by the following equation:

CoTy ®)

e " NT,Inepr +Cy
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Fig. 1. Scheme of disappearing filament pyrometer [2]

where T, is the brightness temperature, is the
emissivity coefficient of the body.

Standard sources of emission. It would be convenient to
use a standard emission source, emission of which is close to
the emission of a perfect blackbody. Such radiation sources
(artificial blackbodies) exist, but their exploitation is associated
with significant experimental difficulties. Thus, they are mainly
used in particular metrological laboratories for calibration of
secondary standard light sources. As for today, the most
commonly exploited secondary sources of radiation are
tungsten ribbon lamps, commercial halogen lamps, deuterium
lamps, etc.

According to the Kirchhoff's law, theoretical emissivity
of the lamp at temperature T is given by:

Bo(AT) =T1o(Me(AT)B(AT), 9)
where ¢(A,T) is the emission coefficient of tungsten as a non-
blackbody (g(A, T)<1), which depends on wavelength and true
temperature of tungsten, To(A) is the transmission coefficient of
the lamp's window, b(A\,T) is the blackbody brightness at the
same temperature T. As an example, emissivity of tungsten as
a function of wavelength for different values of temperature
are shown in Fig. 2 [4].

According to the brightness temperature definition:

b(A,Tp) = Bo(AT) =To(Me(AT)b(AT) . (10)
Since the tungsten emission coefficient €(A, T) depends on

wavelength A and true temperature of tungsten T, therefore
the brightness temperature T, dependson Aand T.

EAT

€,a.u.
05 A 1200
1400
1600

03 A

[RE R R

P

=
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01 7
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Fig. 2. Spectral emissivity of tungsten as a function
of wavelength for different values of temperature [4]

Equations (10) and (2) allows us to find a relation
between the brightness and true temperatures of tungsten:

1 1 A
7T, o In[To(A)e(A, T, (11)
which holds for AT<0.3 cm-K (for instance, at T <3000 K
and Ao<1 pm ) within the error of 1 %.

Generally, the brightness temperature of tungsten
ribbon lamps in the process of their calibration is being
determined for the effective wavelength A = 0.65 um. After
substitution of A¢ and c; into (11), the following formula is
obtained:

%7% =1.041x10"*1g[15(Me(A T)] ,

b
where 19(A) ~0.92 and ¢(A\,T) is the tungsten emission
coefficient for Ap = 0.65 ym at temperature T.

Equation (12) allows to determine the true temperature
of tungsten T upon condition that the brightness
temperature T, is known for the given standard lamp.
Considering that the emission coefficient ¢(A\,T) weakly
depends on the temperature, then, at a first approximation,
the value of T' is determined from (12) for €(Ao,T), and,
afterwards, the value of T is determined for €(Ao, T'). The
value of T, obtained in such manner, allows us on the
basis of (9) to perform further calculation of absolute
value of the tungsten lamp spectral emissivity Be(A, T) for
every wavelength A using experimentally measured
values of ¢(A, T) and obtained values of b(A, T) for various
A and T. Theoretical values of ¢(A,T) for tungsten are
presented in Table 1 [5].

In process of calibration of tungsten ribbon lamps,
operating current or voltage is registered, using which the
lamp brightness temperature is determined, as well as
other parameters of lamp's operation mode and setup
(spatial orientation, polarity of the current source, the
region of the radiating body that is being calibrated, etc.).

It is also worth noting that emission coefficient of
tungsten g(A, T) depends on chemical purity of the tungsten
foil, quality of its surface and technology of its production.
Therefore, the values €(A,T) of real standard lamps may
differ from that found in literature.

Moreover, it is also required to take into account the
absorption in the glass, of which the lamp body is made, since
it varies depending on the wavelength. The absorption
spectrum of MNC-5 glass, of which the tungsten ribbon lamp
used in calibration is made, can be found in Table 2 [5].

(12)
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Brightness of the continuous spectra of tungsten
incandescent lamps decreases rapidly in the UV region
(<300 nm), therefore it is not reasonable to use them for
work in this spectral region. As alternative, the
hydrogen-discharge (deuterium) low-pressure lamps are
usually applied.

Description of the optical system to be calibrated.
The optical system is depicted in Fig.3 and it was
composed of the SDH-IV spectrometer with a 4-position
manually switchable diffraction gratings turret. The second
channel of spectrometer was set for measurements, so the
registered spectral range was 345-605 nm. The CCDs
used as detectors were Toshiba TCD 1304 AP linear
image sensors. The radiation emitted by the light sources
was collected by a lens with a focal distance F =160 mm.
Using the same lens, the light was focused on the entrance
slit of the spectrometer. It should be noted that, according
to the instrument ratings, spectral response of CCDs is the
heterogeneous function of the wavelength.

Table 1
Spectral emissivity of tungsten for T = 2400 K

A, pm £(A,T)
0.3 0.468
0.325 0.468
0.35 0.467
0.375 0.466
0.4 0.464
0.425 0.462
0.45 0.459
0.475 0.455
0.5 0.45

0.525 0.446
0.55 0.441
0.575 0.436
0.6 0.431
0.625 0.428
0.65 0.424
0.6563 0.423
0.675 0.42

0.7 0.416
0.725 0.412
0.75 0.407
0.8 0.399
0.85 0.39

0.9 0.381
0.95 0.372
1 0.364
1.1 0.347
1.2 0.333
1.28 0.322
1.3 0.319
1.4 0.304
1.5 0.29

1.6 0.277
1.7 0.266
1.8 0.256
1.9 0.247
2 0.239
2.1 0.232
22 0.225
2.3 0.218
24 0.212
25 0.205
2.6 0.199
2.7 0.193
2.8 0.189
2.9 0.184
3 0.18

3.2 0.173

For measurements involving halogen lamp no lens was
used, and the emission of lamp was directly focused on slit
of spectrometer.

Emission sources and determination of
the spectral response. Ribbon lamp. As standard

sources of emission, both ribbon lamp and commercial
halogen lamp were used. A ribbon lamp essentially
consists of a tungsten ribbon wrapped in a glass shield. An
electrical current passes through the thin ribbon, heating it
and causing light emission (electromagnetic radiation). An
emission temperature is associated with each electrical
current passing through the ribbon.

The ribbon lamp used in this work was tungsten lamp
with a window made of lC-5 glass, whose schematic
drawing is shown in Fig. 4.

Table 2
Absorption and transmission coefficients of C-5 glass

A Absorption Tra;_s r_nists ;‘(T)
, nm . coefficien s
coefficient a(A) d =1.58 mm
320 1.445 0.005
340 0.253 0.398
350 0.128 0.627
360 0.071 0.772
380 0.025 0.913
400 0.013 0.953
420 0.02 0.929
440 0.031 0.893
450 0.036 0.877
460 0.041 0.861
480 0.047 0.842
500 0.049 0.836
520 0.049 0.836
540 0.046 0.845
550 0.043 0.855
560 0.041 0.861
580 0.033 0.886
600 0.027 0.906
620 0.023 0.919
640 0.02 0.929
650 0.018 0.936
660 0.017 0.940
680 0.014 0.950
700 0.012 0.957
720 0.01 0.964
740 0.008 0.971
750 0.008 0.971
760 0.007 0.974
780 0.006 0.978
800 0.004 0.985
840 0.002 0.992
880 0.001 0.996
920 0 1
960 0 1
1000 0 1
1100 0 1
1200 0 1
1300 0 1
1400 0 1
1500 0 1
1800 0.001 0.996
2100 0.003 0.989
2400 0.006 0.978
2700 0.163 0.552
3000 0.156 0.566
Emission Spectrometer PC
source Lens P SDH-IV

V= =>?'

Fig. 3. Experimental setup scheme
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Commercial halogen lamp. Invented by GE Lighting
in 1958, the halogen lamp provides a highly efficient
compact source of light that has revolutionized the world of
lighting. This is also an incandescent lamp, consisting of a
tungsten filament sealed in a small wrapper filled with a
halogen gas such as iodine or bromine. This gas creates a
reaction to avoid the evaporation of the tungsten towards
the walls of the wrapper. Because the lamp must be very
hot to create this reaction, the halogen lamp wrapper can
be made of hard glass or fused quartz, instead of ordinary
soft glass which would soften and flow too much at these
temperatures. So, unlike the standard incandescent lamp,
halogen lamps use a halogen gas that allows them to shine
more brightly without sacrificing duration, at a smaller
physical size and a lower economic cost.

Fig. 4. Tungsten ribbon lamp

Currently there are many types of halogen lamps which
are classified according to their bulb, filament and base. H4
halogen lamp is the one that has been used in this study. A
schematic drawing of this kind of lamp is shown in Fig. 5.

AL,
i

AR

)0

Fig.5. Schematic drawing
of a H4 halogen lamp

Calibration procedure of the optical system using
two emission sources: tungsten ribbon lamp and
halogen lamp. On the basis of the foregoing, true value of
spectral intensity for every wavelength (or intensity
distribution by wavelengths) can be calculated according to
the Kirchhoff's law for standard emission sources.

The supplied filament current of the ribbon lamp
varied within the range 21.87-22.12 A. According to
manufacturer, the brightness temperature of the tungsten
filament T, lies within the values 2176.78-2202.66 K. For
calculations, the average brightness temperature
Ty = 2189.22 K was used. With that in mind, from (11) and
(12) true temperature of the tungsten filament was derived:
Tiue= 2410 K. Relation between brightness and true
temperatures is illustrated in Fig. 6.

In case of halogen lamp, true lamp temperature is
provided by manufacturer Ti,e=2854K, and lamp
emission can be approximated to the electromagnetic
radiation emitted by a blackbody.

Fig. 7 and Fig. 8 show the registered electromagnetic
radiation emitted by tungsten ribbon lamp and by halogen
lamp, respectively. These spectra were interpolated within
the wavelength range 345-605 nm in order to smooth the
dependences and take account of background noises,
background emission was subtracted.

Fig. 9 depicts the blackbody spectral radiance
calculated from (2) using values of true temperature
obtained for tungsten ribbon lamp.

Emissivity of a tungsten ribbon was obtained from (9)
using previously calculated values of blackbody spectral
radiance b(A, T), interpolated values of tungsten emission
coefficient €(A,T) and transmission coefficient of lamp
window glass T(A).

TB, K
2400

2000 ~

1600

1200 +
T, K
1200 1600 2000 2400 2800

Fig. 6. Relation between brightness and true temperatures
of tungsten ribbon

12000

8000+

4000

A, nm
0

350 400 450 500 550 600

Fig. 7. Registered emission of a tungsten ribbon lamp
in spectral range A = 345-605 nm

Spectral response of spectrometer S (Fig. 10) was
estimated as a ratio between tungsten emissivity and
registered intensity of tungsten ribbon lamp emission.

In real laboratory experiments, it is not always
reasonable to use the tungsten ribbon lamp every time for
calibration of optical system prior to conduction of
experiments. Therefore, application of a low-cost
commercial halogen lamp would be more convenient. With
that in mind, emission of a halogen lamp can be calibrated
using previously obtained spectral response of the optical
system. Fig. 11 shows calibrated intensity of a halogen
lamp emission, calculated as a ratio of experimentally
registered intensity of halogen lamp emission and spectral
response obtained by using of the tungsten ribbon lamp.
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Fig. 8. Registered emission of a halogen lamp
in spectral range A = 345-605 nm
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Fig. 9. Spectral radiance of blackbody
at T = 2410 K calculated using tungsten ribbon lamp
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Fig. 10. Spectral response of SDH-IV spectrometer,
calculated using tungsten ribbon lamp as
a standard source of emission

Fig. 11. Intensity of a halogen lamp emission,
calibrated with previously obtained spectral response
of an optical system

Conclusions. Spectral response of SDH-IV spectrometer
was calculated using the tungsten ribbon lamp as a
standard emission source.

Intensity of a halogen lamp emission was calibrated
using this spectral response.

In summary, following procedure for evaluation of
spectral response of an optical device can be
recommended:

1. To set up the corresponding standard source of
emission and focus its image on an entrance slit of spectral
device. To determine brightness temperature T, in
accordance with the current.

2. To determine true temperature Tiye Using (11,12).

3. To calculate spectral radiance of blackbody b(A, T)
for Ttue using Planck's law (1,2).

4. To determine emissivity of a standard emission
source Bg(A,T) at Tuue, using tables of tungsten emission
coefficient €(A\,7) dependence on wavelength and
transmission coefficient of the lamp window glass T(A).

5. To measure spectral response of spectral device to
emission of a standard light source as function of
wavelength /(A).

6. To determine spectral sensitivity of spectral device
as ratio I(A)/Be(A, T).
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T. TmeHoBa, acn.,

A. Beknuy, a-p ¢is.-mart. Hayk,

B. Bopeubkui, kaHA. ¢i3.-maT. HayK,

kadheapa hiznyHOI eneKTpoHiku,

cakynbTeT paniodizauku, eneKTpPoHiku Ta KOMN'IOTEPHUX CUCTEM,
KuiBcbkuin HalioHansHUI yHiBepcuTeT imeHi Tapaca LlleByeHka, Kuis

KANIEPYBAHHA CNEKTPAIbLHOI YYTIIUBOCTI CNIEKTPOMETPA SDH-IV

Ynpodoex ocmaHHix pokie Hu3bKomemnepamypHa naasma 3Haxo0ums ece 6ilbuio20 3aCmMocy8aHHs 8 HayKO8UX ma MexXHosI02iYHuUX cehepax,
npu yboMy, Haubinbw nowupeHuM Memodom Onsi diacHOCMUKU makoi nnasMu € onmu4Ha emiciliHa cnekmpockoniss (OEC). 3a3euval
Halnpocmiwa onmuy4Ha cucmema 07151 U3Ha4yeHHs1 ma 0oclidXeHHs1 nap. pie nnasmu cknadaemacsi 3i cnekmpomempa Yu MOHOXpPOMamopa,
onmuyHo2o dam4vuka ma OrnMoeoJsIokHa abo cucmemu fiH3. Yci enemenmu cucmemu marome 6ymu nonepedHbO 8idKanibposaHUMU 3 MemMor
KopuayeaHHs1 pi3HuUui y crnekmpanbHUx eid2ykax KOXHO20 3 HuX. 3anporoHo8aHO MemoOUYHi eKa3ieKku Onsi eu3Ha4eHHs1 ma Kani6pysaHHs
cnekmpanbHoOi Yymaueocmi onmu4Hux npunadie Ha npuknadi po3paxyHKie crieKmpasnbHO20 eid2yKy eucokoanepmypHo20 KOMMIaKmHo20
cnekmpomempa SDH-IV y diana3oHi doexuH xeunb eid 345 do 605 HM. SIk emanoHHi Oxepenia eurnpomiHro8aHHs1 Onsi KanibpyeaHHs1 criekmpa
8uUKOpuUCMaHO 80JIbhpamMosy cmpi4ykosy i 2asioeeHo8y namnu.

Knro4oei cnoea: cnekmpanbHa 4yminueicmb, cnekmpomemp, eosibghpamoea cmpiykoea slamna, 2aso2eHoea s1lamna, 4YopHe mino, doexuHa
xeurni, koegiyieHm sunpomiH8aHHs.

T. TmeHoOBa, acn.,

A. Beknuy, a-p ¢ms.-mart. Hayk,

B. Bopeukuit, kaHA. pu3.-MaT. Hayk,

kadpeapa huanyeckomn aNeKTPOHUKM,

baKkynbTeT paanodnU3nKmn, INEKTPOHUKU N KOMNbLIOTEPHLIX CUCTEM,
KueBckuit HauMoHanNbHbIN yHMBepcuTeT UMeHun Tapaca LLleByeHko, Knes

KANMMBPOBKA CMEKTPANBHOW YYBCTBUTENBLHOCTU CNEKTPOMETPA SDH-IV

Ha npomsixeHuu nocnedHux siem Hu3komemnepamypHasi nna3ma Haxodum ecé 6osibuiee MPUMEHeHUe 8 HayKe U MmexHuKe, Mpu 3mom,
Haubonee pacnpocmpaHéHHbIM MemodoM OQua2HOCMUKU makoli nna3Mbl sIe/Isilemcsi Oonmu4Yeckasl 3MUCCUOHHasi crnekmpockonusi (O3C).
lMpocmeliwasi onmu4eckasi cucmema Onsi onpedesieHusi U uccrnedoeaHusi nNapaMempoe M1a3Mbl COCMOUM U3 crieKmpomempa unu
MoOHOXpoMamopa, onmu4yecko2o damyuka U OMmMoeosIOKHa Unu cucmembl IUH3. C yenblo KOPPEeKMUPO8KU pa3HUYUbl CrieKmpasbHbIX OMKIUKO8
Kaxxd0o20 U3 3sileMeHmos onmuyeckol cucmembl OHa Oo/mkHa 6bimb npedeapumenibHO omkanu6poeaHa. [lpednazaromcsi Memoduveckue
pekoMeHOayuu Onsi onpedesieHuUsi U Kanubpoeku criekmpasnbHol 4YyecmeumesibHOCMU OnMuYeckux npubopoe, Ymo MokKa3aHo Ha npumMepe
pacyéma crnekmpasnibHo20 OMK/IUKa ebICOKOarnepmypHo20 KoMnakmHo2o crnekmpomempa SDH-IV e Auana3oHe dnuH eonH om 345 do 605 HM.
B ka4ecmee amasioHHbIX UCIMOYHUKO8 U3JTy4eHus1 0151 KanubpoeKu crekmpa ucnosib3oeaHbl 80/IbghpaMosasi IeHMOYHasi U 2afo2eHHasi 1aMnbl.

Knioyesble croea: cnekmpanbHasi YyecmeumesbHOCMb, Criekmpomemp, eoJibghpamoeasi JIeHMoYHasi 1amna, 2afo2eHHas 1amna, YepHoe
meso, OnuHa 80JIHbI, KO3hhuyueHm u3y4eHus.



ISSN 1728-2306

PAOIO®I3UKA TA ENEKTPOHIKA. 1(24)/2016

~ 61~

UDC 621.315.592

O. Khylko, Stud.,

Department of Theoretical Foundation of High Technologies,
Institute of High Technologies,

Taras Shevchenko National University of Kyiv, Kyiv

SCATTERING OF SURFACE PLASMON POLARITON
BY TWO-DIMENSIONAL SEMICONDUCTOR NANOSTRIPE.
EFFECTIVE SUSCEPTIBILITY OF TWO-DIMENSIONAL NANOSTRIPE

Local-field intensity calculation of infinity-long nanostripe on the surface with excited surface plasmons is proposed.
Calculation is performed using Green's function method in the frame of concept of effective susceptibility using near-field
approximation. The method of analytically calculation of effective susceptibility of two-dimension nanostripe was considered.
The main characteristic of the proposed approach is maximal using analytical calculations. Obtained results are universal and
could be able to calculate local-field intensity of any low-dimension rectangular nanostripe with any aspect ratio or material of

nanostripe or surface.

Keywords: surface plasmon polaritons, surface waves scattering, effective susceptibility, semiconductor nanostripe.

Introduction. Surface plasmon polaritons (SPPs) are
electromagnetic surface waves propagating along metal-
dielectric interfaces with their intensity maximum in the
surface and exponential decaying perpendicular to the
surface [5]. In recent years SPP propagating features has
been intensively studied. Theoretical research of SPP
scattering [1,3] shows how to calculate scattered field
intensity far from the scatterer. But sometimes we need to
know local-field distribution near the scatterer. Of course,
we can use numerical methods such as FDTD method [2],
but it requires huge computational resources. In this article
theoretical study of SPP scattering by infinitely long
nanostripe using Green's Function method is presented.
The main characteristic of the proposing approach is
maximal using analytical calculations. Calculation is
performed using concept of effective susceptibility [6, 7],
which is a characteristics of both nano-object and material
and it is a linear response on external field.

Effective susceptibility of infinitely-long nanostripe.
The system under consideration represents an infinitely-
long homogeneous nanostripe (Fig. 1) placed along

y-axis with susceptibility Xp placed on the surface with
dielectric constant ¢, (in the region z<0) and upper

semi space has dielectric constant €, (in the region

z>0). Of cause, considered nanostripe has determined
length, but we assume that length of nanostripe much
greater than wave length and SPP width. The response
of that system on external field can be found using
Lippmann-Schwinger equation in the frame of concept of
effective susceptibility [6]:

E/R)=EP(R)+ K j dR'G;(R,R)X (RIEDR)), (1)

GPR R')—L 5, 4395 )
P amgrd| YT R? )
_ RR;
G;'i(R,R”) = H% —5,]' +3— 21 ) 3)
€+ &1 4TKGR R

where G,-j(R,R’) is the sum of direct (2) and indirect (3)
part of Green's function with near-field approximation [7],
R ={x.y,-Z} and R=1(x-x) 2.
And effective susceptibility is:

+(y—y')2+(z+z

X &

€1

L N/
e

Fig. 1. Schematic of the scattering system:
an external SPP propagating along
the dielectric-metal interface (x-axis)
is scattered by a rectangular nanostripe

o X(R)
X;j(R) = 5, -5;R)’ (4)
Sj(R) = k3 [ dR'G;(RR)X (R, (5)

Taking into account that nanostripe is infinitely-long along
y-axis and homogeneous let us integrate eq. (5):

S;j(R) = Xk j ds’ j dy'G;(RR), ®6)
s’ —0
S;(R) = XjkkOJ-dSG (x,2,x,2), (7)

where G,»jz-D(x,z,x,z) is Green's function (photon

propagator) of two-dimensional system with an interface
between two media and it is

o 911 0 93
G,-j (x,z,x’,z'):znkgx 0O 0 0|, (8)

931 0 933
_(x= Xo) —(z- Zo) (x—xo)z—(z+zo)2 9
I xPriz-2PP (xPrizrzpp O
__2Ax=xo)z-2%) _ 2Ax—X)Z+Z) 10
9 xR 2PP (xnPrar PP
gag = 2(x=Xx9)(z=2) Ax=Xo)z+20) 44y

((x— x’)2 +(z+ z’)2 )2

(x—xXV +(z-2 Y

(x=Xo) —(z+2p)?
((x— x’)2 +(z+ z’)2 )2 ’

 (x=x)?-(z-7)
(x—xP+(z-22)
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where  K=(g,-€q)/ (e, +€¢). After all, effective distribution at the nanostripe. For example, SPP propagating
susceptibility can be easily analytically calculated. along gold-air interface with &,=-20.13+0.29/ (for
X,]-(R) _ Xii y A=632nm)and &, =1 respectively.
1—=C14X11—C33X33 —C13C31X11X33 + C11C33X11X33
1-C3sXsz 0 CizXa (13) Z| g
x 0 1 0
C3iXsz 0 1-cyXq X1 X2
X
—arctan (2_21} +arctan [2_21) +
X —Xq X=Xy Zq
+arctan [Z_sz —arctan (Z_ZZJ +
1 X — X4 X — Xo Fig. 2. The coordinates
ci1(x,2) = o 74z sz (14) of the sides of the nanostrpipe
+K {arctan[ 1 J—arctan[ 1 D -
X=X X=Xz For stripe were used axial dimensions:
Z+2, Z+2, hy =h, =100nm, h, much greater than wave length and
—K| arctan| ——= |—arctan| —=
X=X X=X SPP width, and material is silicon x, =14.045+0.008; .
The results of numerical calculations of local-field intensity
—In((x—x1)2+(z—z1)2)+In((x—x2)2+(z—z|)2)+ are presented on Fig. 2.
1 +In((x—x1)2+(z—22)2)—In((x—x2)2+(z—22)2)—
Cia(x2)=—= (15)
4 —K(In((x—x1)2+(z+z])2)—In((x—x2)2+(z+11)2))+ 152
+K(In((x—x1)2 +(z+22)2)—ln((x—x2)2 +(z+22)2))
0,76
—In((x—x1)2 +(z—z|)2)+In((x—x2)2+(z—z])2)+
0
1 +In((x—x1)2+(z—zz)2)—In((x—x2)2+(z—22)2)+
C3(X%2)=—— (16)
4t +K(In((x—x1)2+(z+z1)2) —In((x—x2)2+(z+z|)2))—
—K(In((x—)q)2 +(z+22)2) —In((x—x2)2 +(z+22)2))
z-2z z-2z -100 -50 0 50 100
arctan| —— |—arctan| —— |- X nm
X— X1 X— X2 ’
-2 -2 . - R .
—arctan| ——= |+arctan| ——= |+ Fig. 3. Local-field intensity distribution at the nanostripe
X=X X=X 17 with excited SPP. Density axis represent intensity
an (arbitrary units) and it changes from black to white color

1
C33(X,Z)=7
2m Z+z Z+2z
+Kk| arctan| =—=1 |~ arctan| =1
t t
X - Xy X — Xy
Z+z Z+z
—K | arctan 2 |_arctan| ==22
X = X4 X—Xp

Here, x4,%5,z;,z, are coordinates of the sides of the

nanostripe (Fig.2.). In addition, it should be noted that
ny =Xy which corresponds to a bulk material.

Numerical calculation. Let us consider the case when
external field is surface plasmon polariton (SPP) that
propagating along x-direction and perpendicular to the
nanostripe that leads to SPP's scattering. Using eq. (1) we
can easily calculate response of nanostripe on the SPP. In
this case external field is [4]:

EP(R) = exp(ikgppX

where SPP's wave number is kg,

and Zg =—iJe, /(~¢¢). Let us calculate local-field intensity

- /kspp

=(w/c)ega /(g1 +€5)

Z.2)x[Z,,01],  (18)

One can see the local-field intensity distribution is very
inhomogeneous with “hot spots” — local-field enhancement
on the stripe surface.

Conclusions. The method of analytical calculation of
effective susceptibility of infinity-long rectangular nanostripe
and local-field intensity distribution is proposed. Developed
approach is universal and could be able to find local-field
distribution for any low-dimension nanostripe with any aspect
ratio or material of the nanostripe or surface.
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0. Xunbko, cTyA,.,

kacdhepa TeOPETUHHMX OCHOB BMCOKNX TEXHOIOriN,

IHCTUTYT BMCOKUX T€XHONOTrIN,

KuiBcbkui HauioHanbHUM yHiBepcuTteT imeHi Tapaca LlleBuyeHka, Kuis

PO3CIAHHA MNOBEPXHEBOIO MIA3MOH-NMONAPUTOHY
HA ABOBUMIPHIX HAMNIBNPOBIAHUKOBIA HAHOCMYXLII.
E®EKTUBHA CNPUAHATAUBICTb ABOBUMIPHOI HAHOCMYXXKU

3anponoHoeaHo Memod po3paxyHKy iHMeHcueHOCMI JIOKa/lbHO20 IMOJIsi HAaBKOJI0 HECKIHYE€HHO 008201 HAHOCMYXKU Ha NMo8epxHi 3i 36yAxeHUM
noeepxHeeuM nya3MoHoM. Po3paxyHok npoeedeHo 3a dornomMozoto Memody ¢pyHKuyili piHa e Mexax KoHUuenyii egpekmueHoi cnpuliHamaueocmi 3
BUKOPUCMAaHHAM HabnwxeHHs1 6WKHBLO20 noss. Po3ansgHymo memod aHanimu4Ho20 po3paxyHKy eghekmueHoi crnpuliHamaueocmi deoeuMipHoi
HaHocMyXKu. OCHOBHOIO XapaKmepucCMmUuKOIo 3anporoHo8aHo20 Nidxody € MakcumaslbHe 8UKOPUCMAaHHSI aHanimu4yHux po3paxyHkie. OmpumaHi
pe3ynbmamu yHieepcanbHi, i moMy ix MOXHa eukopucmamu Onsi o64YucsieHHs1 iHmeHcueHicmi JI0KalbHO20 MOJIsi HaeKoslo 6yOb-sIKOl
HU3bKOPO3MipHOI NPSIMOKYMHOI HAHOCMYXKU, 3 6yOb-sIKUM criggiOHOWEHHAM cmMopiH ma 6ydb-IKUM MamepiasioM HaHOCMYXXKU YU M08EPXHi.

Knro4oei cnoea: noesepxHeeuli nna3MoH MossipUMOH, PO3CisIHHS MoeepxHeeauX Xeuslb, eheKmueHa crpuliHimiueicms, HanienpoeidHukoea
HaHOCMYyXKa.

A. Xunbko, cTya,.,

kacdpegpa TeOpeTU4EeCKMX OCHOB BbICOKUX TEXHOMOIMM,

WHCTUTYT BbICOKUX TEXHOMNOINM,

KueBckuit HauMoHanNbLHbIN YyHMBepcuTeT UMeHn Tapaca LLleByeHko, Knes

PACCEAHWE NOBEPXHOCTHOIO MNMTA3MOH-NMONAPUTOHA
HA OBYXMEPHOM NONynPOBOAHUKOBOW
HAHOCMONOCKE. 9®®EKTUBHASA BOCMPUMMYMBOCTb ABYXMEPHOW HAHOMOMNOCKU

lpednoxeH Memod pacyema UHMEHCUBHOCMU JIOKaJIbHO20 rOJisi 80Kpye 6ecKkoHe4YHo dosi2oli HAHOMOJIOCKU Ha [08epXHOCMU C
8036Yy)OeHHbIM [08ePXHOCMHbLIM na3MoHoM. PacYem npou3eodumcsi ¢ nomMouibio Memoda ¢yHkyuli FpuHa e pamkax KoHuenyuu
aghgpekmueHol 8ocnpuumMyueocmu, ucnosnb3ys npubnuxeHue 6nuxHezo nons. PaccMompeH Memod aHanumu4yecko20 pacyema 3ghghekmusHol
socrnpuumyusocmu O8yXxMepHoOU HaHomnosnocku. OCHOBHOU xapakmepucmukol rnpeodsioXeHHo20 modxo0a sienisiemcsi MaKcumalslbHoe
ucrnonb3oeaHue aHanumu4yeckux pacyemos. [lonyyeHHble pe3ynbmambl s18/SIIOMCS yHUBepcallbHbIMU U Mo2ym 6bimb UCMO/Ib308aHbl Ons
8bI4UCI/IeHUs1 UHMEHCUBHOCMU JI0Ka/lbHO20 MoJisi 80Kpy2 J1t060l Hu3Kopa3mepHOU NpsMOy20/1bHOlU HaHOMOJIOCKU, C J1I06bIM COOMHOWeHUeM
CMOPOH u N106bIM MamepuasoM HaHOMOJIOCKU UsU M08epXHOCMuU.

Knioyeebie croea: noeepxHOCMHbIU Ma3MOH rOSIPUMOH, pacceugaHue MO8EePXHOCMHbIX 60JIH, 3ghghekmueHasi 60CNPUUMYUEOCMb,
rnosynpoeodHuUKo8asi HaHOMOJIOCKa.
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