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PRACTICAL NUCLEAR MEDICINE: APPROACH AND REALIZATION
WITH USE NEUTRON-PHYSICAL METHODS

In this paper, the authors consider the objective conditions, the necessity and the possibility of systematic, effective applica-
tion of already tested by them methods of nuclear-physical research on beams of accelerators for the needs of clinical medicine.

Keywords: Accelerator, neutrons, beam therapy, pharmaceutical production, diagnostics

Introduction. This direction of medical-biological re-
search and applications has long been known as nuclear
medicine. Already one and a half centuries, nobody has
any doubts about the origin of this direction in the X-rays
of Puluj—-Rontgen tubes. We will leaving beyond scope of
this article, the of the historical overview of the develop-
ment of this direction, and only will emphasize that it has
always been associated with the most advanced level of
development of nuclear physics and biomedical research
and their joint use.

The purpose of this work are to draw attention to the
possibilities of restoration of previously tested and to im-
plement now at the current level of nuclear physical meth-
ods for the medical biological research and their practical
application in the diagnosis and treatment of cancer.

Previous experience in the beam oncotherapy with
the fast neutrons in Ukraine. If you agree that every-
thing new, as a rule, it is well forgotten, old, then it can
start, at least briefly, from what was done forty years ago.
According to the initiative and perseverance of the doctor,
as we have called him, Victor Letov, at the U-120 cyclo-
tron of the Institute of Nuclear Research of the National
Academy of Sciences of Ukraine, it was created a site on
the deuterons beam for biomedicine experiments with the
fast neutrons. For us, the fundamentalist physicists who
had at energy of 15 MeV fast neutron fluxes at that time,
it was suggested to participate in these works on the
generation and metrology of a stream of the fast neutrons
with a twice less of average energy and with order of
magnitude higher of intensity. This was done by using a
full absorption of a deuteron beam accelerated to energy
of 13.6 MeV, in the thick beryllium target [7].

Under objective conditions, the creation of a separate
medical-biological site on the cyclotron U-120 (Fig. 1) with
several adjacent premises and the head of these works
by Professor Vadim Cherednichenko from the Cancer
Institute and the doctor of physical and mathematical
sciences. Sciences Grigorij Koval, these works acquired a
stable algorithm and very soon led to the irradiation of
patients with fast neutrons. Up to the Chernobyl Nuclear
Power Plant accident in 1986, which "took away" both
physicists and physicians, more than two thousand ses-
sions with the fast neutron beam were conducted on this
medical-biological complex of the U-120 cyclotron. This
statistic includes six hundreds of the real irradiated can-
cer patients with different types of cancer — the mammary
gland, skin, and lungs.

Fig. 1. In the control room Professor Vadym Chernychenko
(left) and Chief engineer of the U-120 cyclotron
Eugene Belsky (right)

Medical and biological experiments on blood samples
and with animals were initiated, which, in turn, prompted
further optimization of the nuclear physics technique. It
should be emphasized that then it was a question of joining
up to the world resonance in nuclear medicine of that time
with the use of neutrons, namely, beam therapy for onco-
therapy. People on the brink of resistance to the terrible
diagnosis were also ready for experimental methods of
struggle for life.

The state of affairs in the world. If it is not quite polite
but forced skip review of a persistent search by specialists
of the improvement of nuclear medicine facilities for thirty
years, then specifically with neutrons, this progress led to
the rapid development and use of boron neutron capture
therapy (BNCT) using the nuclear reaction of '°B (n, a) "Li.

In 1967 doctor Hiroshi Hatanaka after two years of in-
ternship at William Wyatt's lab at the Massachusetts Insti-
tute of Technology Hospital, began clinical research and
direct application of BNCT in Japan. Then this was done
using a collimated stream of epithermal neutrons of the
research reactor, where the trepanation of the skull was
done in the preparatory surgery, the removal of the avail-
able part of the tumor and saturation of its residues with
boron-containing drug with the urgent placement of the
patient in the chosen geometry near the neutron flux colli-
mator (Fig. 2). One third of patients five years after such a
procedure remained alive, and in a few years this share
increased to 50 %.

© Dryapachenko l., Kushpij O., Ostashko V., Povoroznyk O., Shevel V., 2017
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Fig. 2. Scheme of irradiation of the brain tumor
by epithermal neutrons of the reactor

In recent years, three centers of BNCT have been put
into operation in the country, but not on the basis of the
reactor as a source of neutrons, and with using for this
(p, n)-reaction with the energy of accelerated protons little
higher than the threshold of this reaction for obtaining low
energy neutrons Japan's experience in this area is also
interesting because in this high-tech country, large global
companies, such as Mitsubishi, Hitachi, embraced the
creation of the necessary installations for honor and time at
the forefront of science and technology. In other countries,
these programs are financed from the state budget. In the
world today, there are about a dozen BNCT research cen-
ters. Clinical trials have been completed in the United States,
Sweden, Finland, the Czech Republic, Argentina, and the
European Union (with centered in the Netherlands).

Modern potential opportunities in Ukraine. Return-
ing to our specificity, it is wanted to draw attention to the
presence of a unique neutron generator NGP-11 with a
current of a beam of deuterons up to two mill amperes in
our complex of Institute for Nuclear Research (Fig. 3).
This unique installation according to its characteristics,
the current of a beam of accelerated hydrogen ions up to
2 mA and a voltage of 250 kV, provides the intensity of
the DT-neutron flux to 10" neutrons per second. After
commissioning in 1994, apply neutrons were started on
this neutron generator, for example, for sterilization of
medical materials, processing of polyethylene film, and
others like that. It was used for the activation analysis of
rocks. Not only from the objective, but, unfortunately, for
subjective reasons, work on it has stopped. So far, two or
three specialists working with us have successfully oper-
ated it twenty years ago. Now we are talking about the
possibility of renewal of his work with passport character-
istics, which will enable to use it for the needs of nuclear
medicine at the world level [5].

Fig. 3. NGP-11 fast neutron generator

Concerning the production of the diagnostic phar-
maceutical preparations. With regard to diagnostic prob-

lems, then, of course, we mean the possibility of working
out radionuclides and the production of pharmaceuticals.
Of the 3,000 known natural and artificial radionuclides cur-
rently in use, 140 are used in medicine for diagnosis, ther-
apy and disease prevention [4]. Only 10 radionuclides from
these 140 are used annually in 90 % of nuclear medicine
procedures around the world [9, 6]. First of all, it is Techne-
tium-99, using which every day in the world is conducted
from seventy to one hundred thousand scans. Ukraine is
now capable of just to import of a dozen or two of the
pharmaceutical samples from abroad. This is primarily the
localization of tumors in the human body, monitoring car-
diac function after a heart attack, mapping the movement
of blood in the brain and assisting in surgical intervention
[1, 3]. Each year it is approximately 30 million doses with
an increase of this amount in the amount of several percent
per year [8]. The "power" of each dose of %™T¢ is about
20 mCi at a current price of one dose of about $40. But
there is existing already for several years in the Institute for
Nuclear Research at on the research reactor WWR-M a
well-established technological chain of production of pre-
packaged dasg samples [10].

The received radiopharmaceutical (Na99mTcO4 solu-
tion) passed pre-clinical trials with animals at the Institute
of Oncology of the Academy of Medical Sciences of
Ukraine. These were packed out in sterile vials (Fig. 4) with
an activity of 96.0 MBq /5 ml. The results of the research
have shown the conformity of the characteristics of the
preparation with the requirements of normative documents
for medicinal preparations.

Fig. 4. Package containing 99 mTs pertechnetate
radiopharmaceutical: Na®*™TcO4 bottle with solution
and transport protective container (body and cover)

Up to now, the main source of nuclides Mo / ®MTc is
the fission of 2*°U reaction by neutrons in a nuclear reactor.
The use of high-enriched uranium, as well as low enriched,
for this purpose is already being worked out [2]. Similar
technologies are also possible using on subcritical installa-
tions and with the accelerators of charged particles as a
source of neutrons [11].

Conclusion. Over the past thirty years, the irrepressi-
ble search and unceasing progress have given nuclear
medicine hadrons therapy on synchrotrons, specialized
medical cyclotrons, brachytherapy and its "neutron" variant —
boron-neutron capture therapy.

It should be considered as the closest to the implemen-
tation and long-term perspective for the nuclear-physical
methods of treatment of cancer by using the infrastructure
of the Institute for Nuclear Research in Kyiv. There is no
doubt that, like in other nuclear-physical centers of the
world, there is already a whole spectrum of diverse sources
of radiation and appropriate infrastructure (premises, bio-
logical protection, beam transportation systems, etc.) in the
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KINR for authorized maintenance of these works. For ex-
ample, the nuclear-technological requirements known to-
day for the neutron spectrum — their energy in the range of
2-6 MeV — are determined by the average length of the
neutron run in biological tissues, which will be optimal for
the necessary neutron thermalization in the required city of
the human body.

The further development of these works is necessitated
of need by the development and implementation of mobile
neutron sources for the distribution of the necessary nu-
clear medical technologies outside near the powerful, but
exclusive, nuclear centers.
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ANALYSIS OF HETEROGENEOUS THERMOCHEMICAL
AND THERMOPHYSICAL PROCESSES
OF THE ION DEPOSITION OF TWO-COMPONENT FILMS

One of the problems in modern integrated circuits technology is the creation of proper interconnects between the elements
on the chip. If doped polysilicon is used for this purpose, the high frequency response of the circuits turns out to be poor due
to electrical resistance being not low enough even for high doping levels. This problem can be solved by an additional layer
of titanium silicide above the polysilicon, which creates a much lower resistance in parallel (policide structure formation)

and preserves the charged state of the gate stack structure.

Keywords: silicon, titanium, silicide, ion bombardment, heterogeneous reaction.

Introduction. A traditional route to obtain a silicide film
involves a high temperature annealing (up to 1070 K) which
can alter the dopants distribution in the active region of al-
ready existing transistors of the integrated circuit (IC). There-
fore, we suggest an alternative technological procedure
which does not involve such high temperature thermal expo-
sure. In essence, the silicide film is formed due to titanium
ion bombardment of the film's material condensing from the
vapors coming from two independent evaporation sources.

The goals of the present work included considering the
mechanisms of the ion bombardment influence on the sur-
face of condensing material, determining the major pa-
rameters of the silicide formation process, estimating the
influence of activation energy on the interatomic interaction
during deposition of the two component film.

Experimental. The formation of titanium silicide films is
carried out by thermionic deposition from two independent
sources. At the same time, the vapors are partially ionized.
Our process parameters are the following:

the stream of neutral atoms:

n, =(0.45+1.45)-10"%cm=2%c";
the ion flow:
n; =(0.1+0.35)-10"%cm=2¢";
intensity of ion bombardment:
D _0.07+0.24;
na
energy:
Ei, =(0.18+1.44)-107"% =(1.01+1)-10%eV ;
pressure in a vacuum chamber:
P =(1.3-10° +6.7-107")ymmHg ;
temperature of the film:
T =(400+800)°C.

The conditions given above are rather typical and can
be easily realized using standard process equipment as
used in modern microelectronics production technology.

Process Mechanisms. Let us consider the elementary
steps of the technological process leading to a thin film of
titanium disilicide. A variety of thermochemical processes
can occur on the surface of the film, depending on whether
ionization of the vapor occurs or is absent. If the fluxes of
atoms are neutral, then the following processes are possi-
ble: various degrees of oxidation of silicon or titanium, as
well as condensation of silicon or titanium. Various degrees
of oxidation can produce either monooxides of silicon or

titanium or their full stehiometric dioxides. All these possi-
bilities are summarized in (1).

(Si) >—>< Si >,
2<Si>+(05) > 2<SiO >,
2<8i0>+(0y) > 2< SiO; >,
< Si>+(05) »>< SiO, >,

(Ti) >>< Ti>,
2<Ti>+(0y)—>2<TiO >,
2<TiO > +(0y) »>< TiOy >
<Ti>+(0y)>><TiO, >

(1)

Note: brackets < > mean that the substance is in a solid
state, brackets ( ) designate the substance in a gaseous state.
As an example, consider a reaction of the oxidation of silicon:

<Si>+(02)>><Si02 >. (2)

In accordance with the general principles of thermo-
chemistry for changing of free energy of this reaction AF
we can write

AF = AF, - AF,. (3)

Here the AF; is the free energy of creating the reaction
products, AF; is the free energy of the initial reactants. On the
other hand, the expression for AF has the following form:

AF =-RT InK, =-4.576InK,, (4)
with K, being the equilibrium constant of the reaction. For
this reaction K, will be equal to P2 — the oxygen pressure,
at which the reactions of silicon oxidation and decomposition
of the oxide are in equilibrium. Taking into account that the
free energy of creation of pure substances in thermochemi-
cal calculations is taken equal to 0, we can write

AF = AFS/OZ = 4576T|gP02 . (5)

From the previous, it follows that:
AF<SIO2> ' (6)

4,576T

Taking the value of free energy for silicon dioxide from
the standard tables of thermochemical data, we have for
the temperature range from 289 K to 1700 K:

45500 195, )

I9F0,) =

19R0,) =~

The generalized dependence of the equilibrium pres-
sure of oxygen on temperature can be represented by a
graph in Fig. 1, from which it can be seen that for tempera-
ture range from 400 K to 800 K and pressure range from
1.3107° mmHg to 6.7-107 mmHg there will be an oxidation
reaction of Si, as well as oxidation of Ti. These reactions
will block the reactions of silicide formation.

© Verbitsky V., 2017
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L9P(02) (E)n has the dimension of force. Respectively for the
Torr dz

range of ion in matter, we have
10 [ 3
E; 10°eV -
R,=—M0 - =1.54-10""cm
Si + 0, -> Si n : ,
i+0,->SiQ (E)n GSOﬂ
20 dz nm
Si02->Si + 0, where Ejo is the initial energy of the Ti ion ( Ejg = 10%eV ).
30 Since the lattice constant of the substance (for example,
Silicon) has a value of roughly 5 nm, the ion with energy
E;,o =1000eV actually penetrates into the film to a depth
40 of the order of several atomic layers. In this case it is pro-
vided that the main losses are the elastic interaction of the
y L . ion with the atomic electric charges.
1000 1500 oc 2000 Let us estimate the interaction time of the Ti ion with

Fig. 1. Pressure vs temperature for oxygen reacting
with silicon

In order to avoid blocking pressures (or at least to signifi-
cantly reduce their influence) the temperature must be in-
creased, possibly close to the melting point of Si (7,,= 1400°C),
and the pressure reduced to P~10"""-10"?mmHg. A similar
result can be achieved without lowering the pressure or
raising the temperature if the atomic flux of Ti is partially
ionized and accelerated ions irradiate the growing film. In
this case, a high non-stationary local temperature will arise
at the sites where the ions hit, which promotes the decom-
position of oxides, as well as the desorption of harmful impu-
rities and decomposition products. In addition, ion bom-
bardment itself should facilitate the above processes due to
ion sputtering. To estimate the emerging temperatures, it is
necessary to determine the effective (averaged) physical
parameters of the substance in which local thermal fields
appear and the parameters of the process of interaction of
the Ti ion with the bombarded substance.

Let the following be the blocking processes of silicide
formation

< Si>+05) ><SiO;5 >, 8
2<TiO>+05) > 2<TiO, > ®
where silicon dioxide and titanium dioxide are formed each
with a 50 % share. Let's calculate the effective charge Z
and the effective mass M of the averaged atom of the mix-
ture of these oxides:
7 _Zsi +220 +Z7; +22) _
6
_(14+2.8+22+2-8)
6
(Ms; +2Mo + Mz +2Mo) _
6
_(28.1+2-16+47.9+2-16)
6

If an ion of Ti (Z=22, M =47.9) falls along the Z axis on
the surface of a certain substance with Z=11.3 and M =23.3
then according to the formula for energy loss, we have

©)
=11.3

M =

(10)
=23.33

(Eiy_oo78.—ZmZ _ MpoN eV g
dZ 2 g 1 MTI'+M nm
(Z}”, +273)2
where N =x~5-10%%¢cm™3. Then, one can write
dE’ )n = 650— =650-10" —— ev , and as we can see, the
cm

the substance of the film, for which we use the law of con-
servation of momentum with the condition that the ion in
the film will be decelerated and stop completely (reflec-
tions, scattering into vacuum, etc. are excluded).

FAt=Mp AV, (12)

where F — braking force;F:(%)n At— braking time;
z

AV — loss of speed during the energy exchange. Then

(2E;o -Mp)'"?
dE;
7

Thus, in the local reglon near the surface of our film,
which has a size of 1.54-10 cm there will be an influx of
energy in the keV range during the time of 5 10™s (the time
commensurate with the period of thermal vibrations of the
lattice). If we accept that kT is equal to 10%V and the energy
@ of the chemical bond in SiO; or TiO, as well as the ener-
gies of physical (chemical) adsorption of O,, O, N, Hy, OH,
CH and so on, do not exceed several electron-Volts or even
a fraction of eV, then the probability of destruction of the
indicated bonds and subsequent desorption is

® 1
W~e KT —¢ 10 _1, (14)
A more specific estimate of the local temperature aris-
ing in the zone of action of a single ion is possible from the
solution of the corresponding heat equation:
Q 1
T(levz1tlé/!77’l):_(—y2)3 X
P oux-a2-1)

At = ~5-1071%s . (13)

(15)

(A=l 277) Hz=2 g
4.a°-t

where T is the temperature (in Celsius) at a point (x, y, z) at

the moment of time t, caused by a point heat sink Q, that is

located at the point of the medium (&, 7, y) at the zeroth point

x exp

of time. Further, here: a?

:i, and (a,C, p) are film's ma-
Cp

terial properties: thermal conductivity, specific heat and den-

sity, To is the initial temperature of the film. If an instantaneous

point source is placed at the origin of coordinates &,7, y =0,

then the expression is simplified to the following:
Q 1
Toy.2)= g P
2-(z-a°-ty? (16)
—(x +y +z )

x exp(———)+T

4.a%.t 0
Since we assumed that SiO, and TiO, oxides are
formed in the one to one ratio under the low-vacuum and
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low-temperature conditions, then it is necessary to deter-
mine the average thermos-physical characteristics of such
material at an average temperature To being equal to
550°C (823 K). In accordance with the reference data for
SiO; and TiO2 we have:

11

Asio, =0.005cal com s gr ™

Csio, =0.231cal ,g—1 ~gr‘1;

Psio, =2.39 - cm™3;

azs,'o2 =9.41.103cm™? s‘1(theory);
a23i02 =6-103cm~2 . s (exp erimental );
Ario, =0.0088cal - em™ s ~gr*1;

pTi02 =4.2g ~cm*3;

3*1(theory);

The averaged thermos-physical characteristics are:
p =(psio, + Prio, )/ 2 =3.25g -cm™;

a’rio, =0.0099cm 2

A =(Asio, + 4ri0, )12 =0.0089cal -cm ™" -s™" - gr™";

a? = (a®sio, +a°1i0,)/2 = 0.00965¢cm 2 . s~ ";

The calculation of the temperature for the above given
thermos phyS|caI characteristics of the film at Q taken as
10 eV (0.38:107" cal), and time interval At taken as 5-10~

s gives the following results:

T(0,0,At) =112500 + Ty = 113050°C;

T(0.0,R),At) = 8882.6 + Ty = 9432.6 °C;

T(0,0,Rn,At) = 0.518T, = 550°C;

Thus, instantaneous temperatures of several tens of
thousands of degrees and significant spatial temperature
gradients are observed in the ion-film interaction zone. It
should be noted that in this case we are not talking about
temperature as a characteristic of an equilibrium thermo-
dynamic process. The point is that we use spatial (Rn) and
temporal (At) intervals of ~1.54- 10~ cm and ~5-10"s cor—
respondingly, as well as the temperature values of ~10°
Celsius, under which the traditional concept of heat con-
duction, heat capacity, density of a substance, etc. are
being used. The obtained temperatures to some extent
characterize only the energy of the procuring processes.
Therefore, estimates similar to those given above can only
be used for general orientation. It follows from the carried
calculations that the irradiation by ions of the film's material
under the influence of considerable nonstationary tempera-
tures and spatial temperature gradients, the oxidation reac-
tions (1) can become inverse:

< Si05 >>< Si>+(05)

<TiOy >—>< Ti>+(0,)
with the release of gaseous products (in this case oxygen),
thereby eliminating or reducing the factors that block the
process of silicide formation.

Let us consider the process of interaction of incident Ti
ions with a substrate's substance at the atomic level. We
will dwell on the mechanical oscillations of the averaged
atom of the substrate under the action of an instantaneous
impact. The equation of motion of the atom has form:

M-Z+H-Z+K-Z=1-6(t-7), (17)
where Z — the deviation of an atom by a mass M from its equi-
librium position, H — the coefficient of friction (if there is a dis-
sipation), K — the elasticity coefficient of the restoring force
(this force is assumed to be proportional to the deflection of

the atom), / — momentum of the incident ion, and §(f —7) is
the Dirac's delta-function. The initial conditions are:
Z|i_to=0. (18)
The impact occurs at the moment 7, and the observa-
tion time from ty to infinite future. At the moment between ty
and rthere was no movement of the atom, therefore Z
remains zero for all such moments. Integrating the differen-
tial equation we obtain:
T+V T+V
M(Z\,.0-Z |, 0)+K- j Zdt =1- j5(t—r)dt. (19)
-0 t-0
Next we have:

1

Zles0=y @nd Z;0=0. (20)

Thus at times greater than z the external excitation
force is absent and it is necessary to find the solution of the
homogeneous equation:

M-Z+H-Z+K-Z=0
under the initial conditions (20). The general solution of this
equation has form: bt bot
— 1 2
Z= C1e + C2e , (21)

where by and by are the roots of the characteristic equation:

Mb? +Hb+K =0, (22)
—H +VH? - 4MK
by = —w (23)

Substituting the boundary conditions (20) into (21), we
obtain:

Cy- 6”7 +Cre? =0
C1 . b»] . eb1T + C2.b2 . esz = M71 ,

Cy = ;Ae—bﬁ; Cy = _—I.e—bzf . (24)
M(by - by) M(by - by)
Thus, the solution of the equation has the form:
0,fg<t<0
_ / [P b2t 0 f < oo (25)
M(by - by)
Or at the limitof 7 > 0:
0,tp <t<0
et _ebtjoctcn  (26)
M(b; - b,)

If the friction is negligible, which is the case when H? is
smaller than 4MK, we have:

H /K H2
bio=——-—+J v+ jw, 27
1,2 oM M 4M2 yxjo ( )

_H |k H
TS CTAM e
Then it follows:
. / 7}4 ejwt e/wt —e — joot
M o 2j  2j
I et
=— - ——-sinwt
M o
where w is the circular frequency of the natural vibrations of
an atom, as determined by the absorption spectrum (in the
case of SiO,, the value of A is ca. 4 ym. In this case, the
fluctuation period At is equal to 1.38-10™ 5. The function
Z(t) gives a description of the natural oscillations of the aver-
aged atom of mass M elastically attached to other similar

(28)
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atoms in the environment with friction, if an ion deceleration
pulse was transmitted to this atom at the zero point in time.
In our case, this is Ti ion with momentum equal to

I:%At =650%x10eV-cm™'.5.10 s

In the absence of friction (for simplicity) y = 0 and for the
amplitude of the natural oscillations, we have:

A=—1 _275.10%m.
M- -w
If we take into account that the atom with mass M (23.33)
is transferred from ion with mass Mr (47,9) not by the
whole pulse, but only its part

2M
o =—-
(M + Mr;)

then the deviation (amplitude) is: A = 0.6x2.75-108cm .

Thus, under the influence of an instantaneous impact,
the atom shifts from the equilibrium position to 1.6 Ang-
strom, almost 30 % of the period of the crystal lattice,
which can lead to the rupture of the bonds (physical,
chemical, etc.) of such an atom with the medium and de-
sorption into the surrounding space.

Let us estimate the energy of the vibrational motion of
an atom. At any moment of time, if there are no braking
processes, it is the sum of the kinetic and potential energy:

=0.6

2 2
g-Mv +£=1(MZZ+KZZ). (29)
2 2 2
Further, due to obvious equality
7= sinot (30)
Mo
We have:
Z= i/-cosa)z‘ ,
M
hd al 2 2
Z =(=—)" -cos” wt, 31
(M) w (31)

Z= (LI)2 -sin wt .
Mo
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So, with K and M being an effective stiffness and an ef-
fective mass of the oscillator and assuming no friction, we
arrive at the following expression for E:

E:l[M(a—t)z-cosz ot +
2 M
K al 1 (ad)? (32
+—~(i)2~sin2a)t]:—~(a)
20 M 2 M

That is, the energy of oscillations of an atom in the
absence of friction is constant
2,2
e const (33)
2 M

For our conditions, this energy is_equal to 776 eV, cor-
responding to a temperature of ~10" K. The considerable
energy of the atomic oscillations, in our opinion, will help
to break the bonds of the atom with the film's medium
formed on the surface of the target. It should be noted
that the estimates obtained above are obtained under the
condition that the transfer of energy from the ion to an
atom occurs at the expense of a direct (central) elastic
impact. It is more likely that energy losses are due to
several (dozens of) indirect impacts. This can significantly
reduce (by 1-2 orders of magnitude) the energy of atomic
vibrations, although it remains more than sufficient to
destroy interatomic bonds.

Conclusion. Our analysis of the heterogeneous proc-
esses during ion deposition of the binary thin films indi-
cates that even small ion energies (up to 100 eV) can
stimulate the silicide formation by shifting the atoms as far
as 0.16 nm within the crystalline grating (up to 30 % of the
crystal periodicity) leading to breaking of chemical bonds,
displacement and desorption of the deposited atoms in-
cluding the undesired impurities on the film's surface.
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AHANI3 TETEPOrrEHHUX TEPMOXIMIYHUX TA TEPMO®I3UYHUX NMPOLIECIB
IOHHOIro HANOPOLUEHHA OBOKOMIMOHEHTUX MNIBOK

OOdHiero 3 npobsieM cy4yacHOi mexHoso2ii iHmezapanbHUX eJIeKMPOHHUX CXEeM € CIMBOPEHHS 8UCOKOSIKICHUX MiXesleMeHmHux 3'¢OHaHb
Ha kpucmani. lpu eukopucmaHHi nosiKkpemMHio eucokoyacmomuulii 8id2yk cxeMu eusiesisiembCcsi He3adoeiNlbHUM Yepe3 8UCOKUU efleKmpu4Hul
onip, Hagimb Onsi sUCOKUX pieHie ne2ysaHHs. Lis npobnema moxe 6ymu po3e’'s3aHa WisiXoM CMeopeHHs1 000amKoe8o20 wapy cuniyudy mumaHy
38epxy noJslikpeMHir, u,o cmeoproe dodamkoeuli 3Ha4YHO HWXKYUL onip, NidknoYeHul napanenbHo (popMyeaHHs noniyudHoi cmpykmypu),
a makox 36epizae 3apsidosuli cmaH cmpyKmypu 3ameopHo20 CMeKy.

Knroyoei cnoea: kpemHili, mumaH, cuniyud, ioHHe 6omM6apdyeaHHsl, 2emepo2eHHa peakuyis.

B. Bep6uukui, a-p ¢ums.-mar. Hayk,

kadpeapa huanyeckom aNeKTPOHUKM,

cbakynbTeT paanodn3nKm, INEKTPOHUKNA U KOMMBIOTEPHBLIX CUCTEM,
KvneBckuin HauMoHanbHbIW YyHUBepcuTeT MeHun Tapaca LLleByeHko

AHAINN3 TETEPOTEHHbIX TEPMOXUMUYECKUX U TEPMO®U3UYECKUX NMPOLIECCOB
MOHHOIO HAMbINEHUA ABOXKOMMNOHEHTHLIX MNEHOK

OdHoli u3 npobnem coepeMeHHOU MEXHO/02UU UHMe2paslbHbIX 3/IEKMPOHHbLIX CXeM ecmb co30aHue 8bICOKOKa4YeCmeeHHbIX MeX3reMeHm-
HbIX coeduHeHuli Ha Kpucmanne. B cny4yae ucnosb308aHusi MOUKPEMHUSI, 8bICOKOYacmMomHbIli 0m3bié CXeMbl OKa3bleaemcsi Heydoesiemeopu-
mesibHbIM U3-3a 8bICOKO20 3/IEKMPUYECKO20 conpomuerieHus1 Oaxe Ons ebICOKUX ypoeHell ezupoeaHusi. dma npobrema Moxem 6bimb peweHa
nymém co3daHusi GonosIHUMenIbHO20 wapa cunuyuda mumaHa rnosepx MoUKPeMHUsl, Ymo co30aém donosiHUmesnbHoe napannesbHoO MooKIIto-
4éHHOe, 3HayumesibHO 6oslee HU3koe conpomuesieHue (¢hopMuposaHue MoUYUOHOLU CMPYKMypbI), a MakKxe coxpaHsiem 3apsOHOe COCMosiHUe
CMpyYKmMypbI 3ameopHO20 cmeka.

Knroyeenble crioea: kpeMHul, mumad, cunuyud, uoHHoe 6om6apduposaHue, 2emepo2eHHasl PeaKyusl.
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NEW GENERATION PLASMADYNAMICAL SYSTEMS WITH FAST ELECTRONS

Brief review of an ongoing research and development of the novel generation plasmaoptical tools based on the axial-
symmetric cylindrical electrostatic plasma lens configuration and the fundamental plasmaoptical principles of magnetic electron
isolation and equipotentialization magnetic field lines is presented. As an related to this system, the tool based on the hollow
cathode effect is also considered. Practical application of the proposed plasmaoptical tools with fast electrons for essen-
tial improvement of deposited film surface quality by means of efficient removal of microdroplet fraction from dense metal
plasma flows formed by erosion vacuum arc sources is considered theoretically and demonstrated experimentally.

Keywords: plasmadynamics, plasmaoptics, plasma lens, hollow cathode, gas discharge, fast electron flow.

Introduction. High-current neutralized charged particle
beams (positive, negative ions and electrons) and ener-
getic ion-plasma flows are used widely for basic research
and high-technology applications, for example, in heavy
fusion research, high current linear accelerators, spacecraft
control systems, high dose ion implantation for material
surface modification and ion-plasma treatment.

The fundamental concept of the new generation plasma
devices is based on application of cylindrical plasma lens
(PL) configuration and plasma-optical principles of mag-
netic insulation electrons and maintain the magnetic field
lines as equipotentials ("equipotentialization") for the con-
trol of electrostatic fields introduced into the plasma me-
dium for manipulating non-magnetized ions. This plasma-
optical concept was first described by Morozov [10, 11].
These early contributions also clarified the essential advan-
tages of electrostatic plasma lens as compared with the
more traditional electrostatic and magnetic lenses. Note
also the experiments have demonstrated plainly that the
optical strength of the plasma lens can be up to two orders
of magnitude greater than for an Einzel lens and up to four
orders of magnitude greater than for a magnetic lens under
the same experimental conditions. This lens is well-
explored tool for focusing high-current, large area, ener-
getic heavy ion beams [3, 5], where the concern of beam
space charge neutralization is critical. The crossed electric
and magnetic fields inherent to the plasma lens configura-
tion provide the suitable method for establishing a stable
plasma discharge at low pressure. Using plasma lens con-
figuration in this way, a number of low maintenance, cost
effective and high reliability plasma generation devices
using permanent magnets and possessing considerable
flexibility towards spatial configuration were developed [6].
These kinds of devices are part of a larger class of plasma
devices (plasma accelerators, magnetrons, jet propulsions,
magnetically insulated diodes) that use a discharge in
crossed electric and magnetic fields with closed electron
drift for the production, formation and manipulation of high
current beams and ion-plasma flows. In these conditions,
the variation of the magnetic field line configuration within
device volume and the distribution of electric potential en-
able the formation and control of high current ion beams
while maintaining their quasi-neutrality. This makes attrac-
tive the practical applications of such devices. They can be
operated as stand-alone instrumentation, for example for
liquid crystal alignment on large-area substrates, or as part
of an integrated processing system together with magne-
tron sputtering, for example, for deposition of spectrally-
selective coatings on industrial glass. These devices can
be applied both for fine ion cleaning, polishing and activa-

tion of substrates before deposition, including synthesis
new nanomaterials and exotic coatings.

One particularly interesting result of these basic researches
was observation of the essential positive potential at the float-
ing substrate. This suggested to us the possibility of an electro-
static plasma lens for focusing high-current beams of nega-
tively charged particles, electrons and negative ions, based on
the use of the dynamical cloud of positive space charge under
magnetic isolation electrons [7, 8]. The experimental results
demonstrate an attractive possibilities application positive
space charged plasma lens with magnetic electron insulation
for focusing and manipulating wide aperture high-current no
relativistic electron beams. For relatively low-current mode, for
which electron beam space charged less than positive space
charged plasma lens, it realizes electrostatic focusing of pass-
ing electron beam. In case of high-current mode when electron
beam space charge is much more, than space charge plasma
lens, the lens operates in plasma mode to create transparent
plasma accelerating electrode and compensate space charge
propagating electron beam.

We describe also the original approach for effective
additional elimination of microdroplets in a dense flow
of cathodic arc plasma [9]. This approach is based on
application of the cylindrical plasma lens configuration
for introducing at volume of propagating along axis's
dense low temperature plasma flow convergent radially
energetic electron beam is generated self-consistently by
ion—electron secondary emission from electrodes of
plasmaoptical tool. The theoretical estimations and ex-
perimental demonstrations that have been carried out at
the Institute of Physics NASU provide confidence and
optimism that proposed idea for removal and clearing the
micro droplet component from dense, low-temperature
metal plasma has the high practical potential for elabora-
tion novel state-of-the-art plasma processing for the filter-
ing of microdroplets (or their reduction to the nanoscale)
from the dense plasma formed by erosion plasma
sources like vacuum arc and laser produced plasma,
without losses of plasma production efficiency.

Basic plasmaoptical principles. The fundamental
plasma optical principles are based on using of magneti-
cally insulated cold electrons (i. e., transverse mobility
<< parallel mobility) to provide space charge neutralization
of the focused high-current ion beam and maintain the
magnetic field lines as equipotentials ("equipotentializa-
tion"). This means that value of the magnetic field is those,

that the following inequalities are correct PHe << D << pp;,

where PHe and PH;i are the electron and ion Larmor radi-
uses, D is typical system size.

© Goncharov A., Tsiolko V., Dobrovol'skii A., Bazhenov V., Litovko I., 2017
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The electrostatic plasma lens is an axially-symmetric
plasma-optical device with a set of cylindrical ring elec-
trodes located within the magnetic field region, with mag-
netic field lines connecting ring electrode pairs symmetri-
cally about the lens mid-plane (Fig. 1).

r PN 1
[—— |
R | —
\
N\ Y
DL~ = | 3

Fig. 1. Schematic of the plasma lens: 1 — magnetic coils;
2 — cylindrical electrodes; dashed lines — equipotentials;
solid lines— magnetic field lines

The condition of equipotential magnetic field lines of
length / >> R, the lens radius, passing through the axial
region of the system and crossing the outermost electrodes
(which are grounded) follows from a model in which the
lens volume is uniformly filled with cold background elec-
trons of density n. and energetic beam ions of density

ny=—to
b erchRz ’
electronic charge and Q the ion charge state (1, 2, 3,...), v

is the beam ion velocity, and R is the beam radius. This
condition can be given as [3]:

I 9L
- =t , (@)
¢ erbnR2 enR?

where 9. is the maximum electric potential on the ring
electrodes. The plus sign corresponds to beam focusing
and the minus sign to beam defocusing - the dispersive
operational regime of the lens. Here, we assume Q to be
the mean ion charge state, for simplicity. In order that equi-
potential magnetic field lines to be generated, an electron
density is needed that is sufficient to compensate both the
space charge due to the beam and the vacuum electric
potential within the lens volume. It can be seen from the
equation that beam focusing can be obtained for low ion
beam density — this is similar to the Gabor lens. In this
case, the ion beam density does not play a role and the
electrons are used only for space charge compensation
and transformation of the external vacuum electric field in
order to make the electric field lines transverse to the mag-
netic field lines for focusing low current positive ion beams.
For a high current beam when, if un-neutralized, the beam
could blow up under its own space-charge forces, neutrali-
zation can be provided by electrons of sufficient density
held within the beam by its space charge. This regime

occurs when the beam potential parameter /, /v, exceeds

significantly the maximum externally applied lens voltage,
Iy /vy >>¢@, . In the high beam current regime, quasi-

neutral plasma is formed within the lens volume consisting
of cold magnetized electrons drifting across the magnetic
field lines and fast beam ions that are affected to first ap-
proximation only by the radial electrostatic field of the lens.
Note that the equipotentialization condition follows from the

where eQ is the ion charge, with e the

steady-state hydrodynamic equation of motion of cold elec-
trons, which in this case is

1
E:—E(vdxH), )

where vy is the drift velocity of cold electrons, H is the mag-

netic field within the lens volume, and c is the velocity of light.
The macroscopic electrostatic field E can exist only in the
presence of closed electron drift and an "insulating” magnetic
field. Then the electric field is perpendicular to the magnetic
field, leading to magnetic field lines that are equipotentials.

The focal length F of this kind of electrostatic plasma
lens is given by

29,
where ¢, is the ion beam accelerating potential (i. e., ¢,

is the ion source extractor voltage) and the energy of the
beam ions is E, =eQq,, ¢, is the maximum electric po-

tential on the ring electrodes, and 6 is a geometric parame-
ter about unit. Importantly, note that the focal length of the
plasma lens does not depend on the ion charge-to-mass
ratio; this is a consequence of the purely electrostatic opti-
cal system, as previously mentioned.

Plasmaoptical filter of microdroplets based on
plasma lens configuration with crossed electric and
magnetic field. As said above, we suggest for the first
time a new more practical approach for the effective re-
moval of the microdroplets, as well as its conservation and
incorporation into the plasma stream produced by erosion
plasma sources (vacuum arc or laser produced plasma).
This approach is based on application of the cylindrical
plasma lens configuration for introducing in a volume of
propagating along axis dense low temperature plasma flow
convergent toward axis energetic electron beam produced
by ion-electron secondary emission from electrodes of
plasma optical tool. The first experiments and theoretical
estimations [4, 9] have demonstrated the workability an
idea of application the new plasma-optical tool based on
plasma lens configuration with convergent and oscillating
fast electrons for effective additional evaporation, destroy-
ing and clearing of liquid metal droplets in a passing in-
tense flow of dense metal plasma. The simplified sche-
matic of a new plasma-optical system utilizing an electron
beam for effective elimination of microdroplets in passing
arc metal plasma flow is shown in Fig. 2. Here C is the
cathode, A is the anode, D is the aperture, MC is the mag-
netic coil, M are the magnetic field lines, A is the spatial
layer, in which the strong radial electrical field is supported,
C1 is the hollow cylinder, from which internal surface gen-
erated electrons of secondary ion-electron emission.

F , (©)

Substrate

Fig. 2. Schematic of clearing microdroplets
from a vacuum arc plasma flow
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The application of a negative potential results in the

. . ek
formation of a spatial layer A <<p, = 5
Me®re

with a large

electrical field E, . This field is mainly directed along the

radius. Width of near surface layer A with the large electri-
cal field is rather small, A << D . Hence the negative elec-
trical potential @g is concentrated into the narrow layer.

The system is in @ magnetic field Hp of a short coil. The
value of the magnetic field is those, for which the following
inequalities are performed

Pre << D << py. 4)
Here p,, and p, are the electron and ion Larmour radi-
uses. Note, here it means that

Ze(po 2
m

()

-

PHe =
He

In the volume of magnetic field the electrons are mag-
netized and ions are not magnetized. When the arc
plasma flow is incident on the magnetic field of a short
coil, the magnetic field penetrates into the flow. The elec-
tron mobility across a magnetic field is strongly sup-
pressed. The electron movement along magnetic field is
free up to region of electric potential jump. Under these
conditions the magnetic field lines are equipotential up to
region of electric potential jump. l.e. the magnetic field
lines are equipotential inside flow. Inside the flow an elec-
tric potential is distributed, which penetrate into the flow or
which is formed as a result of the flow polarization. Then
in space, filled with plasma, the electrical field is created,
the form of which is approximately similar the structure of
magnetic field lines. Because the electrons of the ion
plasma flow are magnetized, they in the field of the short
coil are displaced to its axis, damping expansion of the
flow due to electric field E, of plasma flow polarization.
Thus, with increase of the magnetic field the near axis
density of ion flow increases. l.e. the magnetic field con-
trols the flow electrons, and they in turn keep ions from
radial expansion due to E,. The electric field E, of plasma
flow polarization, which prevents the arc plasma flow from
the expansion in plasma-optical system, can be estimated
by the following way. For estimation we use a model that
plasma flow of radius R, which moves with velocity v;
through the plasma-optical system of length L is focused
by E, to the point. Then, one can use for evaluation the
balance of centrifugal force and electrical focusing force

®)

Here g, M are the charge and mass of ions; v; is the veloc-

ity of the flow ions, Rris the radius of flow curvature. Using
the ¢, =40 eV, R = 3.5 cm, we can obtain

qE, ~6,6eV/cm. (6)

The electrical field E; in the layer A accelerates flow

ions to an internal surface of the hollow cylinder. The nega-

tive voltage U=1+3 kV is supplied on cylindrical elec-
trodes. As a result of secondary ion — electron emission the

1
2e9 ]2

beam of high-energy electrons with velocity v, z[
me

and current density (j, =vj;s, v is the rate of secondary

Vb
OHe
(oye is the electron cyclotron frequency). This electron

beam, self-consistently injected from the lateral inner cylin-
drical surface to the flow axis, is an additional effective
source of energy for effective elimination of micro-droplets.
During time of micro-droplet motion through system L/v

with velocity vy =10 + 100 m/s the electron beam pumps
large energy Ag, into system.

Let us estimate width of the layer near cylindrical elec-
trode with large electrical field E;, equating two ion currents
to the wall: ion current in the layer (3/2 dependence) and
ion Bohm current

ion-electron emission) is formed in a thin layer A <<

1 1 3
jb = O,4(2Te / M,)E no = jiS = (1/975)(26/,\/”)5 (pOZ/Az . (7)
Here no, T are the plasma electron density and tempera-
ture. From here one can derive the width A of the layer with
large electrical field

.
Arge = (e(PO/Te)% [102J/’> >> 1. (8)

A<<pg = eE,/memf,e. (9)

Let us show that the collision frequency wvye Of high-
energy electrons with plasma electrons satisfies inequality

Vpe <<V, ID. (10)

Really from
Vb & 7.7x10706;%2n 00 (11)
for e, = 1 keV, Leex10, ne = 10'°cm™ one can derive
Vbe~ 2.6 x10°s™". For v,/D one can derive

vp/D ~ 4.4 x 108 s for D =7 cm. One can see that high-
energy electrons many times cross the dense arc plasma
flow during free movement, without taking into account
the collective processes. Thus, high-energy electrons are
accumulated in volume and slowly transfer energy for the
micro-droplet evaporation.

Now we compare the system radius D/2 and dimension

Rp =nvy /oy, of radial oscillations of high energy elec-
trons in crossed fields

Ry = my[2ep /Mg fope = m2e0me (cleHp) . (12)

For €, =1keV, Ho=400 0Oe one can derive
Rp = 0.84 cm. It means that dimension of radial oscillations
of high energy electrons is smaller in comparison with the
system radius. Thus, at the beginning the electrons, in-
jected from the cylindrical electrode, are concentrated in a
radial layer near the cylindrical electrode. It provides the
energy pump by beam of high-energy electrons just to the
area where the micro-droplets are located. Namely, since
the angular distribution of micro-droplets is broader than of
the ions, the micro-droplet fraction at the periphery of the
plasma flow larger. It is good for their evaporation by ra-
dially injected electron beam from the cylindrical wall.
However, the high energy electrons cross the cross-section
of arc plasma flow due to their collisional mobility. It pro-
vides evaporation of micro-droplets throughout the cross-
section of the arc plasma flow.

Mechanisms of crushing and evaporation of the
droplets. For determining possible mechanisms of crush-
ing and evaporation of the droplets, one should analyze
channels of energy income and loss at the droplets. Be-
sides high energy electrons, energy can come to the drop-
let from electrons and ions of arc discharge plasma. This
energy is spent for heating, crushing and evaporation of
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the droplets, however, in addition to that it can be spent for
thermal emission and also can be brought away by elec-
trons of secondary and thermal emissions. Besides, drift of
electrons in crossed fields, as well as radial oscillations of
electrons, also can serve as an additional mechanism of
droplet evaporation.

By contributions of separate processes to energy
balance, one can consider roles of certain processes under
particular conditions. An equation of energy balance at the
droplet can be written, as follows:

L[ h)(Te-ens)-ah(enss
> _VdL’Ii(rd)(gii+8v+8i+e(Pd)+lb(rd)(8b_e(Pd):|

L
—Z[glb(rd)e(pd +Ith(Td,rd)e(pd +OLGT(;1:|, (13)

QZ :Q1+02+Q3, (14)
where Q;=cmy (T, -T;) is energy spent for heating the

droplet from initial temperature T; to temperature of effi-
cient evaporation T2; mqy is droplet mass, c is specific heat

capacity; Q, =rdmy, , (r is specific evaporation heat) is
energy spent for evaporation of a fraction 6my of the

droplet, which evaporated prior to reaching the substrate;
Qs is energy spent for ionization of a fraction of evaporated
atoms from the droplet;

lo (rgr ) = 4nry2noeVine €xp(~€04 I T,) is current of elec-

tron flow to the droplet, nge, Te, Vine are density, tempera-
ture and thermal velocity of the flow electrons, respectively;

Ii (rgr ) = nrg®ngiv; is current of ion flow to the droplet,

noj, Vo are density and directed velocity of the flow ions,
respectively;

Ip (rgr) z1,6nyrd2n0,-vs is current of high energy elec-

trons to the droplet;

g =20 + 80 eV is mean kinetic energy of directed
ion flow;

&b = e@o is energy of high energy electrons, o is elec-
tric potential jump near inner surface of cylindrical elec-
trode;

&y is condensation energy;

¢ji is ionization energy of the flow ions;

k is Boltzmann constant;

re~1pm, Ta, (pdr:(Te/e)ln(4(mi/me)1/2(Te/2£i)1/2)

are radius, temperature and electrical potential of the drop-
let, respectively;

o is irradiation ability;

o is Stephan-Boltzmann constant;

g is secondary electron-electron emission coefficient;

Itn(Tar, rar) is thermal emission current;

L is the system length;

var = 10 + 100 m/s is velocity of the droplets

Ib (rd,) = (41rrd2)0,4yn,-vs = 1,6Tfyrd2n0,'VS .

One can estimate role of particular processes in crushing
the droplets. The estimations performed for the droplets hav-
ing 1 ym radius and 10 m/s velocity show that major energy
comes to the droplet from high energy electrons.

Let us assume that the whole electron beam energy is
spent without losses to droplet evaporation and
accompanying thermal radiation. If more energy is used for
thermal radiation than for droplet evaporation, the energy
balance equation (13) can be approximately written as follows

Jpep(RrRLYL I vy) ~ (as Ty )(4nr2ng(rR2LYL 1 vy). (15)

Here left side term of equality corresponds to en-
ergy pumped to the system by electron beam during a
time of droplet flight through the system. Right side
term corresponds to energy spent by the droplet having
temperature Ty to thermal radiation for the same time.
Jjb and g, are flow density and electron beam energy;

]
jb =0,492(T,/M;)2 ny; R and L are radius and length of

the plasma-optical system; Tq4, v4, r4 and nq are tempera-
ture, velocity, radius and density of the droplets; o is irra-
diation ability. For liquid copper o =0,13+0,15. We use
mean value o =0,14. For the following parameters:
6 =5.6705 10° W/m? = 5,6705 10° Erglcm?, &, =1 keV,
r=1pm, np=10%cm>  T.=3eV, R=35cm,
ng = 2.5 cm™ we obtain

14
T, :[O.4yq/2Te/m,-n0 /(xc(anO?)ndRJ/ ~0,710" K. (16)

It is essentially higher than the temperature of copper
boiling. Following from that, the beam pumps enough en-
ergy to the system for evaporation of the droplets, even
taking into account their thermal radiation.

Actual Ty is less due to the following:

— the beam does not have sufficient time to transfer all
the energy when it is present in the system;

— droplet dimensions may be more than 1 um;

—droplet density in the flow may be more than
ng=2,5cm>;

— not the whole applied to central electrode voltage is con-
centrated near cylindrical surface in a form of jump.

We show respectively that even at temperature of boil-
ing the droplets their thermal radiation is less than energy
pumped to the system by the beam of high energy elec-
trons. For that purpose we take ratio B of thermal radiation
energy of all droplets during their flight through the system
to energy pumped to the system for the same time by the
beam of high energy electrons

B = (o Ty YArr2)ng(nR2LYL I vy)! jyep(2rRLY(L I vy) =

= (a0 T )2mrNgR 1 b (17)
For Ty =2840,15 K (copper boiling temperature) from
(17) we obtain:
B=(acTy)2nrI)ngR [ jpep, =1,4107 . (18)
Here it also follows that the beam pumps sufficient energy
to the system for evaporation of the droplets even taking
into account their thermal radiation.

Let us determine quantity of atoms in typical liquid cop-
per droplet with dimensions rg = 1 um.

N =(413)nNaprg I m, ~3,4-10"" (19)

For decrease of losses of the flow metal ions to secondary
ion-electron emission one can use slow isotropic ions created
in result of droplet evaporation and ionization of formed atoms.
These newly created ions are accelerated near the wall by
electric potential jump and provide electron beam formation in
result of secondary ion-electron emission.

Experimental studies of dense metal plasma flow
passing through the plasmaoptical filter. The experiments
were performed at setup schematically shown in Fig. 3.
A repetitively-pulsed cathodic arc (also called vacuum arc)
plasma gun (items 1, 2, 3, 5 of Fig. 3) was used to produce an
energetically-streaming copper plasma. The plasma lens (PL)
configuration is of length 14 cm and aperture 8 cm, and in-
cludes three cylindrical electrodes (items 4, 5) in a magnetic
field formed by permanent magnets 7 and magnetic circuit 8.
The lens outer electrodes are grounded by design, and the
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central electrode is biased at up to —3 kV. The plasma stream
9 exiting the lens is then monitored by a sectioned cylindrical
current collector device 10.

10

Fig. 3. Schematic of the experimental setup

Plasma is formed from the cathode material; here the
cathode is copper (a 6 mm diameter rod), to form a cop-
per plasma. The arc current was up to 100 A, with pulse
duration 100-300 ps and repetitively pulsed at 1-5 pulses
per second. The base vacuum chamber pressure was
1.5 x 107° Torr, and argon gas could optionally be added.
The ion current associated with the plasma flow was
measured by a sectioned collector, item 10 of Fig. 3, con-
sisting of 4 individual ring-shaped collectors. The en-
trance aperture of collector is screened with a high trans-
parency metal grid. The collector segments were biased
negatively to repel electrons and thus measure ion cur-
rent, and the current to each ring was measured by a
Pearson current transformer.

J, Am?
1500 - (a)
/ —=— R=0mm
4 o -= R=11,25 mm
1000 R=15,35 mm
.\ " "R=20,2mm
5004 * e e
N ) .\\‘\-l
] ™~ T~
S _.—em . _ g N~
- |
0 T T T
0 50 100 150
z, mm
120+ Ucentral; \' (b) Ids A
- 100
60 -
0 -
-0
-60 T - : .
0 200 400
time, ps

Fig. 4. Distribution of current density for different radius
under floating potential on central electrode, Iy =100 A,
pressure 1,5 x 10° Torr, H = 360 Gs: a) current density;
b) potential on central electrode (~ 10 V, dashed curve)
and arc discharge current (~ 100 A, solid curve)

The results of our investigations of this system are
shown in Figs. 4, 5 [2]. The data shown are the result of
averaging over 6 plasma pulses (the point of zero is exit of
PL). It should be noted the propagating ion plasma flow in
free space lead to strong flow divergence. At the same
time, the presence of crossed EH fields improves essen-
tially the passing flow through system under different work-
ing gas pressure and applied potential to central lens elec-
trode. Moreover, one can see the lens demonstrates plainly
focusing properties in these experimental conditions.
Especially clearly this effect is manifested in case of float-
ing potential at the central lens electrode (see Fig. 4a). We
believe this effect is due to self- consistent mode formed in
an electrostatic plasma lens under propagating wide-
aperture, high-current, low energy metal ion plasma flow
produced by cathodic-arc discharge at low pressure. In
Fig. 4b one can see the formation of positive self- sus-
tained potential about 10 V that applied to central electrode
under passing ion-plasma beam.

J, Alm?
: (a)
—s— R=0mm
1500 - . -e- R=11,25mm
-4 R=1535mm
-+ R=20,2mm
1000 4
A ’ \.‘ -
Q‘\’ .
500 - .
N\,
*
0
0
L_Icentrals V
(b)
-400 -
-450
T T T T 1
0 200 400
time, us

Fig. 5. Distribution of current density for different radius
under =500 V on central electrode, Iy =100 A,
pressure 1,5 x 10 Torr, H= 360 Gs: a) current density;
b) potential on central electrode

Also, one can see (Fig. 5) that under negative applied
potential on the central lens electrode in volume PL focus-
ing of passing ion plasma flow at the exit of PL is observed
too. This effect can be understood due to generation of fast
electrons by secondary ion electron emission on inner
surface the central lens electrode. These electrons can be
accumulated at the axis and provide focusing ions due to
electric field E, of plasma flow polarization.

Investigations of the plasmadynamical filter effect
on the quality of obtained metal coatings. As it was
already noted, plasmaoptical filter is the system of crossed
electric and magnetic fields. Electromagnetic field of com-
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plex configuration is formed inside the filter depending on
experimental conditions. Placement of the filter with re-
spect to the plasma source can be either with certain gap
between the filter and the source, or without it. In the first
case plasma flow is formed outside the system of filter
fields, whereas in another case it occurs practically in the
filter volume. In both cases buffer gas can be present in the
system at certain amount for improvement or arc discharge
formation. Sign of potential at the filter electrodes, mag-
netic field strength and geometry, presence and pressure
of buffer gas can influence the result of filter operation.
Influence of these parameters on the filter operation was
studied in the laboratory experiment. Particularly, influence
of presence and absence of buffer gas on deposited coat-
ing has been verified, Fig. 6.

v il
3 4 5

Fig. 6. Samples of deposited copper films under different
conditions of the plasma flow formation. Arc discharge pulse
duration 280 s, /; =100 A 1 and 2 pressure in the chamber
2x10° Torr, 1 — potential is not supplied to central electrode;
2 — -2 kV at central electrode; 3 and 4 argon pressure
in the chamber 4 x 10~ Torr, 3 — potential is not supplied
to central electrode, 4 — -2 kV at central electrode;

5 — argon pressure 1 x 10~ Torr and -2 kV at central electrode

One can see from pictures of deposited copper coatings at
Figs. 6 1 and 2 that at buffer gas absence clearly distinctive
central region is formed, and negative potential supply to cen-
tral electrode changes behaviour of the plasma transport

through the filter. Particularly, the film occupies larger square
and visually more uniform. One can see from pictures 3-5 that
buffer gas feed also changes conditions of plasma flow trans-
port through the filter. Relatively big buffer gas pressure of
4x10™* Torr also increases deposited film square and uni-
formity. Applying the same potential of —2 kV to central elec-
trode further increases the coating square and uniformity,
however at that in the filter volume its own discharge with up
to 30 A current and up to 500 V operating voltage is ignited.
The last circumstance influences behaviour of optical emis-
sion from the filter volume.

If one would decrease buffer gas pressure down to
1 x 107 Torr, own discharge is not ignited, and the coating
square and uniformity are higher than that in cases 1 or 3.

Earlier we have shown that there are certain differ-
ences also in current distribution along radius of the
plasma flow passed through the filter volume. Different
conditions of the filter operation form different distributions
of the current density along the system radius. Thus we
have one more confirmation of obtained results.

In Figs. 7-9 one can see the scanning electron micro-
scope (SEM) photos (square of images 250x330 ym) dem-
onstrating the experimental results of the surface quality
after copper deposition onto stainless steel samples under
different experimental conditions (the filter being turned on
and off). Comparison of the photos clearly demonstrates
effect of reducing microdroplet quantity and dimensions, at
that the best result is achieved with the filter operating in
plasma lens regime, that is, with magnetic field and high
negative voltage applied to the central electrode.

Fig. 7. SEM photo of copper microdroplets
with the filter being turned off

Fig. 8. SEM photo of copper microdroplets
with the filter being turned on without magnetic field
(U=-1000V, H=0 Gs)
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Fig. 9. SEM photo of copper microdroplets
with the filter being turned on with magnetic field
(U=-1000 V, H = 360 Gs)

For study of statistical distribution of the droplets by
size, surface of deposited coatings was studied by means
of optical microscope. The samples were obtained by cop-
per film deposition onto glass substrates. The film deposi-
tion was performed with the filter being completely turned
off, for the filter without magnetic field and for the filter with
magnetic field (plasma lens configuration). In the case
without magnetic field, the system of filter electrodes, de-
pending on pressure in the chamber, creates conditions for
occurrence of either non-self maintained discharge, or self-
maintained one of hollow cathode type.

Modern software such as Gwyddion with free code
(gwyddion.net) allows processing obtained pictures at per-
sonal computer. For avoiding influence of service information
on the software operation, each picture was preliminary proc-
essed in picture editor. All service information was removed.
After that the image was imported to the software with defini-
tion of actual X and Y dimensions and relative height units.
Since in subsequent the data were calculated only in the
sample plane, actual height values are inessential. Actual
height values of the creations at the surface were not deter-
mined. After background removal, mask with defined thresh-
old was applied and equivalent radius values of the spots
marked by the mask were calculated. The mask was chosen
in a way that it should cover majority of visible creations with-
out touching overall background. For each case several pic-
tures of the surface with the same square were taken. Typical
distributions over a number of the spots with particular dimen-
sions for each regime of the filter operation are presented in
Figs. 10-12. One can see from presented histograms that
number of droplets essentially decreases in both cases of the
filter use. Maximum size of droplets reaching the sample sur-
face also decreases. Incomplete removal of microdroplets
surely requires further researches aimed to optimization of the
filter parameters.

N
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Fig. 10. Distribution for the case of filter being turned off
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Fig. 11. Distribution for the case of filter without magnetic
field and U = -2 kV at central electrode
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Fig. 12. Distribution for the case of filter with magnetic field
H =360 Gs and U = -2 kV at central electrode

As one can see from the Fig. 11, effect of reducing mi-
crodroplet fraction is also observed in the plasmaoptical
system without magnetic field. Actually, the system under
such conditions represents well known hollow cathode
configuration, which also produces fast electron flow.
Mechanism of fast electron effect enhancement in this case
is due to multiple oscillations of the electrons across the
cathode cavity. An important feature of such system is
magnetic field absence which enables easy scaling of the
plasmadynamical filter dimensions for fulfilling particular
requirements of practical use. Due to that, works have
been initiated on research and development of plasmady-
namical filter based on hollow cathode effect [1].

Plasmadynamical filter of microdroplets based on
hollow cathode discharge configuration. Experiments
were performed at the setup similar to shown in Fig. 3, but
without magnetic field use. Plasma stream was formed by
vacuum arc discharge with titanium cathode. The arc cur-
rent was about 100 A, with pulse duration 100—-1000 us
and repetitively pulsed at 1-5 pulses per second. The base
vacuum chamber pressure was 1.5 x1 07 Torr, and argon
gas could optionally be added. The filter unit was repre-
sented by stainless steel cylinder with internal diameter
Din =120 mm and length L = 220 mm which served as the
discharge hollow cathode.

Pulsed power supply unit for hollow cathode discharge
operation was constructed on a basis of single cycle thyris-
tor based inverter, and was composed of two modules:
recharge and discharge ones.

Recharge module is elaborated on a basis of single
phase full wave rectifier circuit composed of step-up trans-
former and a bridge of four diodes. One diagonal of the
bridge is connected to secondary winding of step-up trans-
former, and another diagonal — to load resistance, which in
our case was represented by storage capacitor. Voltage
regulator (autotransformer) in primary winding circuit of the
transformed allowed smooth regulation of output voltage of
the module from zero up to 700 V. Current measurement



~ 20 ~

B 1 C H M K KuiBcbkoro HauioHanbHOro yHisepcurerty imeHi Tapaca llleBueHka

ISSN 1728-3817

was provided by low-inductance shunt with signal output to
oscilloscope or computer. Steady voltage of capacitive
storage was measured by microampermeter with resistive
voltage booster. Voltage kinetics was measured by means
of resistive voltage divider with 1:1000 ratio also with signal
output to oscillograph or computer. Outputs to the oscillo-
scope were protected by transorb diodes. The module
operates using commercial net voltage without intermedi-
ate conversion, and has advantages of design simplicity
and high reliability.

Discharge module is composed of thyristor, reverse
current diode, high voltage pulsed transformer, measuring
and protective circuits. Step-up pulsed transformer had
transformation ratio of about 30.

Power supply unit operates as follows. Capacitive en-
ergy storage is charged from single phase net up to re-
quired voltage level via voltage regulator (autotransformer),
step-up transformer and rectifier. At control pulse supply to
thyristor, voltage from the capacitor creates an output via
pulse step-up transformer to the hollow cathode. The dis-
charge current is limited by an impedance of discharge
circuit (Rwave = 1500 Ohm), active resistance of secondary
winding of pulse transformer (Rrr =172 Ohm) and active
resistance of the discharge ~300—400 Ohm. Since the
discharge circuit impedance exceeds its active resistance
by a factor of about three, the discharge process of the
capacitor has single full sine wave character. Besides,
since of power supply unit output resistance essentially
exceeds the discharge one, the power supply module op-
erates in current source regime. Maximum current which
could be supplied to the discharge was about 5 A. Repeti-
tion rate of current/voltage pulses was 0.2—-2 Hz. Maximum
idle output voltage of the source Un.. = 10 kV.

Hollow cathode discharge with the use of pulsed pow-
ering possessed the following peculiarities:

— it was not ignited without arc discharge plasma
flow even at maximum voltage from pulsed power sup-
ply of 10 kV;

— it was ignited only by trailing edge of arc discharge
plasma flow;

— it exhibited steady operation at argon pressure range
3*107* - 2*107° Torr.

It should be noted that power supply used by us was
of current source type. Thus, with voltage Un.. increase at
the discharge ignition we actually predetermined current
value provided by the source to the discharge, and Unc
voltage followed this current, as required. Dynamic cur-
rent-voltage characteristic (CVC) of the discharge
(Fig. 13) demonstrates discharge voltage dependence on
the current which is typical for the discharges with hollow
cathode effect, that is, with presence of CVC region
where discharge voltage is practically independent on
discharge current. One can see from Fig. 14 that maxi-
mum electric power in the discharge reaches about 9 kW,
or ~ 3.5 W/cm?®. Electric energy introduced into the dis-
charge in our experiments was varied in range 20-25 J.

Increase of argon pressure in the discharge system
leads to more stable and reproduced discharge operation
regime. However, simultaneously with pressure increase
the discharge voltage decreases (at the same current
value), and, consequently the discharge power also de-
creases. Comparison shows that argon pressure increase
from 3 3*10™ to 1*10~° Torr results in:

—essential decrease of the discharge voltage Unc
(at the same current Iuc = 3.5 A voltage Unc decreases
from 2.5 kV to 1.25 kV);

— weak dependence of voltage Unc on current e — at
maximum current /e increase from ~ 2 A to ~ 5 A the dis-
charge voltage remains practically unchanged. One can
also clearly see that from dynamic CVC behaviour pre-
sented in Fig. 15.

e, A
3,04

2,5
2,0
1,51
1,01

0,5

0,0 +-8>nm, 7 T T T T
00 03 06 09 1,2 1,5 1,8

Ukc, kV

Fig. 13. Dynamic CVC of hollow cathode discharge.
Cathode D;, = 120 mm, argon pressure 3*1 0™ Torr

1*U, kVA
101

Energy = 0,022 kJ

o1 .
0,0 2,0 4,0
Time 1Ty, ms

Fig. 14. Kinetics of electric power introduced
into the discharge.
Cathode D;, = 120 mm, argon pressure 3*10~ Torr

IHC! A
5 -

0 L T T T T T
0,0 03 06 09 12 15

UHC! kV

Fig. 15. Dynamic CVC of hollow cathode discharge.
Cathode Di, = 120 mm, argon pressure 1*107 Torr
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Increase of argon pressure also results in decrease of
maximum electric power in the discharge down to ~5 kW
(2 W/cm®) and energy introduced to the discharge down to
14J (Fig.16). As we have seen above, external
characteristics of hollow cathode discharge (voltage Unc,
power in the discharge) change essentially enough at argon
pressure variation in the system. Let us consider now, how
this pressure variation influences the plasma parameters —
electron temperature, plasma density and potentials. Typical
kinetics of discharge current Inc and probe current |, are
presented in Fig. 17. Jumps at the fronts of Isc and I, current
kinetics are due to presence of vacuum arc discharge plasma
in the cathode cavity. Minima at Inc and |, dependencies
correspond to system transition to actual hollow cathode
discharge glow. Measurements of probe characteristics was
done for two tHc time points — at about 250 ps from beginning
of lhc and I, growth (that is, during transition process) and
1250 ps (at maximum of discharge current lyc).

1*U, kVA
6 -

5 - Energy = 0,014 kJ

0,0 2,0 4,0

Time tyc, ms

Fig. 16. Kinetics of electric power introduced into the discharge.
Cathode D;, = 120 mm, argon pressure 1*1 0~ Torr

buc, A

S

2 {Uyc, kV

0,0 2,0 4,0
Time tyc, ms

Fig. 17. Typical kinetics of discharge current /¢
and probe current /.
Cathode D;, = 120 mm, argon pressure 1*10~° Torr

Fig. 18 presents dependence of probe current /, loga-
rithm on probe voltage U, for time point 250 ys and argon
pressure 1e-3 Torr. One can see that:

— electron temperature reaches 7-8 eV;

— plasma density is about 1.5*10" cm’a;

— plasma potential Uy deviates from anode potential by
a difference from -1V to -12 V.

In advance it can be noted that plasma of transition
process is in some sense a mixture of arc discharge
plasma and plasma of initial stage of hollow cathode
discharge glow.

Figs. 19 and 20 present results of probe measurements of
hollow cathode discharge plasma for two argon pressure
values — 1*10™ and 5*107* Torr. In both cases during the
measurements the discharge current luc was maintained at a
level of 4.0-4.5A, whereas Unc voltage was 1.2-1.3kV at
pressure 1*107 Torr and 1.5-1.6 kV at 5107 Torr. That is,
electric power in the discharge at lower pressure value was by
~25-30 % higher than that at higher pressure value. One can
see from the figures that argon pressure decrease twice re-
sults in electron temperature Te increase from 14 to 19 eV.

In(ly)
A A
24
The = 250 us
-3 1 T.=7-8eV
Up=-12 eV
4. N.=1,510" cm®
-5 -
-6 T/ T T T T T T T )
40 20 0 20 40 60 80 100 120
Probe voltage U,, V

Fig. 18. Dependence of probe current /, logarithm
on probe voltage U,.
Cathode D;, = 120 mm, argon pressure 1*10” Torr.
Time point of the measurement 250 ps
after discharge ignition,
plasma parameters are shown in the figure

In(l,)

22
THC = 1250 us
3 4 T.=14 eV
Uy=-15V
N.=6*10"cm?
4
-5 J

20 40 60 80 100 120
Probe voltage U, V

-80 -60 -40 -20 0

Fig. 19. Dependence of probe current I,
logarithm on probe voltage U,.

Cathode Di, = 120 mm, argon pressure 1*10° Torr.
Time point of the measurement 1250 us
after discharge ignition,
plasma parameters are shown in the figure
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In(k)
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Up| =23V
N, =4*10" cm?
-4

90 -60 -30 0 30 60 90 120
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Fig. 20. Dependence of probe current I, logarithm on probe
voltage U,. Cathode D;, = 120 mm, argon pressure 3*10~ Torr.
Time point of the measurement 1250 us after discharge
ignition, plasma parameters are shown in the figure

It should be noted that accomplished experiments in a
whole have shown that argon pressure decrease from (1—
1.5)*10™ to (4-5)*10~* Torr results in T, increase from 13—
14 eV to 19-21 eV. Mentioned decrease of argon pressure
in the system also leads to plasma density decrease from
6*10" cm™ to 4*10"° cm’a, that is, approximately by factor
of 1.5. It should be also noted that the pressure decrease
causes further deviation of hollow cathode discharge
plasma potential U, from anode potential — from —15 V to —
23 V. This fact gives indirect evidence to formation of po-
tential fall in aperture hole between arc discharge anode
and hollow cathode discharge plasma.

Conclusion. In result of accomplishing research and
development works in the Institute of Physics NASU, exist-
ing experimental setup with copper plasma source and
plasmadynamical microdroplet filter of plasma lens type
was essentially upgraded, and modern setup with titanium
plasma source and the microdroplet filter based on hollow
cathode discharge was elaborated. Both setups operated
in pulsed periodical regime at low working gas pressure

O. NoHuapoB, A-p di3.-maT. Hayk,

B. Uionko, kaHA. ¢is.-maT. Hayk,
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I. NlitoBKO , KaHA. i3.-MaT. HayK,
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and demonstrated essential reduction of microdroplet frac-
tion in metal plasma flows from vacuum arc sources.

For the first time, self-focusing of low-energy dense
multi-component ion-plasma flow formed by erosion
plasma source was realized and, as well, possibility of
focusing low-energy dense ion-plasma flow by polarization
field formed in a volume of the flow is demonstrated. Pres-
ence of fast electrons in the plasma-optical filter volume is
shown when the filter electrode is under negative potential.

Base models of physical processes in the plasma flow
passing through the plasma-optical filter that could result in
microdroplet destruction are proposed, and analytical esti-
mations are accomplished.

These results open up novel attractive possibilities of
further development, improvement and applications of
erosion plasma sources for synthesis of high quality thin
films and coatings with given functional features. This work
is in progress. We have an intention of further study of
optimum conditions for radical decrease of microdroplet
fraction in the streaming plasma flow.
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NNASMOANHAMIYHI CUCTEMU HOBOIO NMNOKOJIHHA 31 LUBUOAKUMU ENEKTPOHAMMU

HaeedeHo kopomkuli 025150 Momo4Hux AociidXeHb i po3pPo6OK MIa3MOONMUYHUX MPUCMPOie HOB020 MOKOJIIHHSI Ha OCHO8I aKciasibHO-
cuMempu4Hoi KoHpicypauii enekmpocmamuy4Hoi nna3Moeoi niH3u ma ¢hyHOaMeHmasnbHUX M1a3MOONMUYHUX MPUHYUNie Maz2HImHoI i3onsayii
eslekmpoHie i ekeinomeHyianizayii MazHimHux cunoeux niHil. 5k nNopiGHeHy cucmemy po32/ITHYMO MakoX npucmpili Ha ocHoei egekmy
nopoxHucmozo kamoda. TeopemuyHo GOC/iGKeHO ma eKcrepuMeHmasbHO MPOoAeMOHCMPOB8aHO MPaKMUYHe 3acmocyeaHHs1 3anpornoHOo8aHUX
nnasModuHamiyHUX npucmpoie 3i weudKuMu esleKmMpoHaMu O Cymmeeo20 MoKpaujeHHs1 Ikocmi noeepxHi nokpummie 3aedsku egpeKmuesHoMy
YCYHEeHHI0 MiKpoKpanesibHOT gppakyil i3 winbHUX Nomokie Memasneeoi nna3mu, cmeopeHoi epo3iliHuMuU 8aKyyMHo-0y208uMu Oxepesamu.

Knro4oei cnoea: nnasmoduHamika, nnaamoonmuka, naa3moea JjiiH3a, nopoxHucmutl kamood, 2a3oeuli po3psio, MoMiK weudKuX esleKmpoHie.

A. ToHuapoB, A-p ¢un3.-maT. HayK,
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A. lo6poBonbLCKUI, KaHA. Un3.-maT. HayK,

B. BaxeHoB, KaHA. hu3.-maT. HayK,

n. ﬂwroal(o1, KaHA. u3.-maT. HayK,

WHctuTyT dbnsnkn HAH Ykpauhbl, Kues,

1V|HCTMTyT fAnepHbIX uccnepgosaHuin HAH YkpauHsbl, KueB

NNASMOANHAMMWYECKUE CUCTEMbI HOBOI'O NMOKOJNEHUA C BbICTPbIMU SNNIEKTPOHAMU

lMpedcmaenex kpamkuli 0630p mekyuwyux uccnedoeaHull u pa3pabomok naaMoonmuyeckux ycmpolicme HO8020 OKOJIeHUsI Ha OCHoee
aKcuanbHO-CUMMempPUYHOU KOHgbu2ypauyuu 3sieKmpocmamuyecKoll ninasmeHHol NUH3bl U hyHOameHmarsbHbIX M1a3MOONMuUYecKux MpuHYUNos
Maz2HUMHOU U30/1AYUU 3JIEKMPOHOE U IK8UMNOMEHYUaIu3ayuu MazHUMHbIX CUI08bIX UHUl. B Kayecmee podcmeeHHOU cucmeMbl pacCMOMpPEHO
makxke ycmpolicmeo Ha ocHoee 3¢ghghekma nosio2o kamoda. TeopemuyecKu PacCMOMPEHO U 3KCrepuMeHmMasbHO MPOodeMOHCMPUPOB8aHO
npakmu4yeckoe npUMeHeHuUe npedsIoXeHHbIX NaasmModuHaMuyecKkux ycmpolicme ¢ 6bICmpPbIMU 3/IeKMPOHaMu Oisi Cyus,ecmeeHHo20 yilyYueHus
Kadyecmea noeepxHocmu mfoKpbimuli 6r1azodapsi 3¢ghgheKmueHOMy ycmpaHeHUI MUKPOKanesbHolU ¢hpakyuu u3 MJIOMHbIX [MOMOKO8
mMemannu4eckol nnas3mbl, co30aHHOU 3PO3UOHHLIMU 8aKyyMHO-0y208bIMU UCMOYHUKaMU.

Kntoyesnie crnoea: nnazmoduHamuka, Na3mMoonmuka, nia3MeHHas IuH3a, nonbili kamod, 2a308bll pa3pﬂd, Mmomok 6blcmple JJIeKMpPOHO8.
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MODERNIZATION SYSTEMS OF PASSIVE DISGUISE

Methods of masking was considered distortion as visible silhouette objects by causing the special distorting colouring, mixing
to conduct their authentication or direction motion and their modernization. A method and structural decision of modernization was
offered the existent masking systems is offered in wide dynamic and spectral ranges. The problem of disguise — de camouflage is
decided by the operative change of printing by a radio engineering net on basis without corps light-emitting diodes.

Keywords: mobile camouflage system, optical range, techniques of camouflage, concealment, decoys.

Introduction. The camouflage and systems of masking
are aimed at increase of survivability of military systems,
they are responsible for the first two elements of protection
in the equation "isn't seen, not found, not gunned, not
killed". Camouflage comes from the French word camoufler
meaning "to blind or veil." The decision of many questions,
related to visibility, requires difficult theoretical researches
and long measuring and supervisions at times. Masking
tactics application, for example use of features of terrain,
implementation of the correct camouflage to mix system
with a background (surrounding) and to tear traps in the
region, promotes increase of complexity of the task on
detection of purpose by any opponent of services in, for
example, the following literature [1, 2].

Dazzle paint schemes were employed in both world
wars to confuse and obfuscate range, scale and type esti-
mates by enemy submariners peering through systems
supervision (Fig. 1). Among different perspective technolo-
gies spectral and adaptive controlled materials stand in the
upper part of the list though their development still is at the
initial stages. A dummy Spitfire: key aspect was to throw a
realistic looking shadow. As for a visible range, here we
see quite advanced systems it belongs to such systems as
the polymeric light-emitting diode and other systems on the
basis of conductivity. It gives good hopes for interesting
applications which could lead to the active camouflage
systems imitating a background on a system surface that
could be very interesting especially in city regions. Though
the technology still shall develop and develop, especially it
concerns displays, data handling and the power of batter-
ies. Holography, optical fiber, lowering of signatures, the
adaptive camouflage and optical camouflage are more and
more promising technologies

Fig. 2. Wareman in a form
with the elements of disguise in an optical range,
and in infra-red (in to the rights lower corner)

whereas many other technologies with the purpose to
make a subject invisible are considered; it doesn't mean "to
invent an invisible covering", but merge of object to its
background as is possible in the bigger range of a range in
Fig. 2 and Fig. 3 [2].
thermodynamic equilibrium with absolutely black body
at this temperature, is called as thermal equilibrium radia-
tion. Equilibrium thermal radiation is uniform, isotropic
and isn't polarized, transfer of energy in it's absent and all
its characteristics depend only on temperature of abso-
lutely black body radiator. Initially green | was in the pref-
erable color as the majority of wars were carried to be
carried in Europe where the grass and trees were the
prevailing natural elements. Further the partitioning tem-
plates with two, three or more flowers entered game and
Fig. 1. Paint schemes were employed to confuse those grmies whigh dgpl_oyed the soldiers in different
and obfuscate range, scale and type estimates through scenarios started diversifying the camouflage.
systems supervision [1]

© Ivanyuta O., Kratko S., 2017
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Fig. 3. Image of locomotive tank in an infrared range,
got by heat vision, placed on a pilotless aircraft.
On a colour gamut to define real it is a tank
or inflatable model of tank

Experimental. The electromagnetic radiation which is in
This Army Tactics, Techniques, and Procedures (ATTP) is
intended to help company-level leaders understand the
principles and techniques of camouflage, concealment, and
decoys (CCD) [3, 4]. To remain viable, all units must apply
CCD to personnel and equipment. Ignoring a threat’s ability
to detect friendly operations on the battlefield is short-
sighted and dangerous. Friendly units enhance their sur-
vivability capabilities if they are well versed in CCD princi-
ples and techniques. In NATO it wasn't reached
agreements on standards on patterns and flowers though
the document AEP — 31 is the recommendation about the
applied colors of a so-called spotty camouflage for military
equipment. In the present terms of radio electronic secret
service a camouflage cover already is not effective without
possibility of operative manipulation of its colour gamut,
and protecting from the radiation of objects, that are into it
in Fig. 4. The current tendency is a transition from colors
on the basis of solvents to products on a water basis in
connection with the strict nature protection legislation which
require lowering of volatile organic components. That fact
that night vision glasses of new generation work in the
range lower than 1,2 uym, forces vendors of fabrics to use
new colorants which could be effective in the range of
1,8 +2,0 ym [2]. Opportunity to change characteristics
shows how strongly Leps coverings from Intermit differ
from the standard colors in a short-range infrared spectrum
developed for counteraction to systems of night vision of
the 70 th years which however, are still widespread. Sol-
diers must be aware that an enemy can detect, identify,
and acquire targets by using resources outside the visual
portion of the EM spectrum. Many threat forces were
trained and equipped by the former Soviet Union. Its long-
standing battlefield doctrine of camouflage is a living legacy
in many former Soviet-client states. Enemy forces that are
trained in maskirovka possess a strong fundamental

knowledge of CCD principles and techniques. Friendly
forces must be very careful to conduct CCD operations so
that a well-trained enemy will not easily recognize them.
On a picture 5 a difference is retimed in the cal radiance
house in the background, which is painted the special paint
(paint with a low radiate ability which weakens only (static
mode)), and house on a foreground which is not painted.
That is the substantial failing in the plan of decamouflage?

Fig. 4. Secret service a camouflage cover already
is not effective without possibility of operative manipulation
of its colour gamut, and protecting from the radiation
of objects, that are into it [2]

An enemy uses many different types of electronic sur-
veillance equipment. Sensor systems are classified accord-
ing to the part of the EM spectrum in which they operate.
Fig. 2-3 shows the EM spectrum and some typical enemy
sensors operating within specific regions of the spectrum.
An enemy uses detection sensors that operate in the active
or passive mode:

Active sensors emit energy that reflects from targets
and is recaptured by the emitting or other nearby sensor,
indicating the presence of a target. Examples of active
sensors are searchlights and radar.

Passive sensors do not emit energy; they collect en-
ergy, which may indicate the presence of a target. Exam-
ples of passive sensors are the human eye, night-vision
devices (NVDs), IR imaging devices, acoustic sensors, and
photographic devices. Visual sensors work in the parts of
the EM spectrum that are visible to the human eye. Enemy
soldiers’ eyes are the principle sensors on a battlefield.
They may be aided by binoculars, telescopic sights, and
image intensifiers. Civilian populations, enemy agents,
recon teams, and patrols are visual-sensor systems from
the enemy’s intelligence viewpoint.

Results and discussion. Not a lot of information is avail-
able about the coverings of the Intermat company reducing a
purpose radar scattering cross-section which, according to the
company, provide lowering for 97 % in the X-range (the fre-
quency range of 5,2+ 11 GHz) (Fig.5). It means that the
detection range for a radar decreases more than half, as the
equation non-linear. After drying thickness of a film makes
about 1,5 mm and is compatible to anti-thermal coverings.
Both formulas can be connected in uniform substance for the
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purpose of support of lowering of thermal and reflection
power. In case of deployment of machines in operations adap-
tation of their camouflage diagrams is necessary worldwide
they corresponded to the unrolled regions. When sending to
operational theatres on the long terms the decision on repaint-
ing of technique is made.

Fig. 5. Difference in the caloradiance of house
in the background, which is painted the special pain
(paint with a low radiate ability which weakens only
(static mode)), and house on a foreground which
is not painted

However, as transportation of heavier machines on
TVD is excessively expensive, many armies aim to leave
them there as it is possible not to change more long and
respectively their painting. Easy machines on the other
hand are exposed to rotation together with subdividing
which can be torn for a period of up to 9 months. In this
case the machine collaring with use of constant color
according to the new diagram, that is desert, a three-
collared pattern or completely white diagram of the UN, can
become expensive pleasure as this necessary operation
shall repeat in case of each re-deployment.

The material Ulcas also provides protection against ra-
dar investigation in the range of the frequencies of
1+ 100 GHz. Steady against chemical influence, Ulcas it
can be used at temperatures from — 20 °C to + 80 °C and
has mass less than 250 g/mz. Changing the geometrical
form of the machine and reducing its thermal and radar
signatures (even in movement), it, for example, also re-
duces chances of receiving shock from the shell attacking
on top. This company makes use of the experience in paint
and varnish coverings for production of anti-thermal and
anti-radar camouflage networks, coverings and films, also
as awnings and a personal camouflage. lts Arcus networks
weaken radar signals in the range of 58 + 100 GHz, espe-
cially in a segment of 8 + 40 GHz, with the variable level of
weakening of component 10 + 35 dB. Besides, all fabrics
are processed by anti-thermal coverings and can be made
on any camouflage template. The company makes awn-
ings, and also suits for snipers from "air-penetrating" anti-
thermal fabric with a density 60 g/m? [2—4].

The mobile camouflage system of MCS (Mobile
Camouflage System) from the same company is based on
similar three-dimensional material, but its configuration is set
up under machine type for further improving of division in
visible, thermal and radar ranges. By operation in hot climate
of MCS it can be integrated with HTR Cool cam where HTR
means Heart Reduction (heat release lowering). Working at
the expense of a combination of insulation and reflection of
solar radiation, the system prevents heating up of a surface of
the machine under the sun, and, as a result reduces
temperature inside. Also multispectral Shadow Umbrella
allowing not only working in open manholes in solar time, but
also guaranteeing full masking against air reconnaissance
even is offered when the crew manholes leaves open.

The dynamic range of disguise is supposed by
integration on-the-spot of object of local elements with a
variable amplification or weakening of radiation in the set
range of frequencies factor. In Fig. 6 it is possible to see
the attempt of realization of the similar system which works
in the mode of 3-D (that works in a visible, thermal and
radiolocation spectrum). IR sensors detect the contrasts in
heat energy that targets radiate on the battlefield and
display the contrasts as different colors or shades.
Because longer wavelength IR radiation is more

susceptible to atmospheric absorption than NIR radiation,
IR sensors are less affected by typical concentrations of
fog or conventional smoke.

Fig. 6. The dynamic range of disguise is supposed
by integration on-the-spot of object of local elements
with a variable amplification or weakening of radiation
in the set range of frequencies factor [3]

Differences in thermal mass and surface properties (re-
flectivity) of man-made and natural materials result in tar-
get-to-background contrasts. These contrast levels change
dramatically over a daily cycle. For example, operating
vehicles and generators, heated buildings and tents, and
soldiers are usually hotter than their background. Also,
equipment exposed to direct sunlight appears hotter than
most natural backgrounds. At night, however, equipment
might appear cooler than its background if it is treated with
special emissivity coatings. In other words, military equip-
ment, particularly metallic equipment, generally heats up
and cools off more quickly than its background. Sophisti-
cated, passive IR sensors (such as the Forward-Looking
Infrared System [FLIRS]) can be mounted on aircraft.
FLIRS sensors provide aircrews and enemy ground forces
with real-time IR imagery that is displayed on video moni-
tors. Due to film processing, however, these systems are
subject to time delays in obtaining the data. Newer ver-
sions of this sensor produce non -film-based images. The
UV area is the part of the EM spectrum immediately below
visible light. UV sensors are more important in snow-
covered areas, because snow reflect s UV energy well and
most white paints and man-made objects do not reflect UV
energy very well. Photographic intelligence systems with
simple UV filters highlight military targets as dark areas
against snow-covered backgrounds. These backgrounds
require specially designed camouflage that provides a high
UV reflectance. As local elements with a variable amplifica-
tion factor it is possible to use usual light-emitting diodes,
computer-integrated in texture of protective material
(wares), for example camouflage from microcircuits of type
PLIS (programmable logical integrated circuits) in Fig. 7.
Radar uses high-frequency radio waves to penetrate at-
mospheric impediments such as fog, mist, and smoke.
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Radar works by transmitting a very strong burst of radio
waves and then receiving and processing the reflected
waves. In general, metal objects reflect radar waves well,
while radar waves are either weakly reflected by or pass
through most other objects. The shape and size of a metal
object determine the strength of the reflected signal.
A large, metal object generally reflects more signal than a
small object. Therefore, large, metal objects can be de-
tected from greater distances. Threat forces make a great
effort to search for, detect, and locate the sources of US
radiocommunications. They use various direction-finding
techniques to locate opposing emitters. Once an emitter is
detected, an enemy can take a number of actions, ranging
from simply intercepting the transmissions to jamming or
targeting the emitter for destruction.

Fig. 7. The eltment camouflage with program — apparate sewing
microcircuits of type programmable logical integrated circuits

Target acquisition can be accomplished by a variety of
sensors that operate throughout the EM spectrum. This
poses a challenge in CCD planning and employment—
determining which enemy sensor(s) that CCD operations
should be designed to defeat. Unfortunately, no single
answer is correct for all situations. Unit commanders with-
out specific guidance from higher echelons assess their
tactical situation and plan CCD operations accordingly. If
intelligence data indicate that an enemy will use visual
sensors for recon and target acquisition, then visual coun-
termeasures must be employed in Fig. 8. For IR or radar
sensors, countermeasures that are effective in those spec-
tra must be employed. If a multispectral or spectral threat is
anticipated, CCD operations are conducted to protect a unit
in its most vulnerable EM bandwidths. Very few available
camouflage materials or techniques provide complete
broadband protection. Movement attracts the enemy’s
attention and produces a number of signatures (tracks,
noise, hot spots, dust). In operations that inherently involve
movement (such as offensive operations), plan, discipline,
and manage movement so that signatures are reduced as
much as possible (Fig. 9).

Fig. 8. The networks can work in visible, radiolocation
and infra-red spectrums and guarantee weakening of thermal
selection even at a contact with a hot surface

Fig. 9. Wareman in a form with the elements disguise
in positivity camouflage[4]

By analogy creations of term dazedly on the basis of
radio engineering net from materials (metals with large
resistance) it is possible to create a radio engineering net
(successive-parallel connections on the basis of modern
light-emitting diodes which can change a wave-length (fre-
quency of radiation) in a wide range from infrared to the
ultraviolet range (250-3000 nm) The fundamentals of CCD
do not change between environments. The seven rules for
avoiding detection and the seven recognition factors that
are listed in chapter 3 and the three CCD principles—
preventing detection, improving survivability, and improving
deception capabilities—still apply. However, the guidelines
for their application change. Different environments require
thoughtful, creative, and unique CCD techniques. This
chapter discusses different CCD techniques that have
proven effective in three special environments—desert,
snow-covered areas, and urban terrain (Fig. 10).

The physical characteristics of urban areas enhance
CCD efforts. The dense physical structure of these areas
generates clutter (an abundance of EM signatures in a given
area) that increases the difficulty of identifying specific tar-
gets. Urban clutter greatly reduces the effectiveness of a
threat’s surveillance sensors, particularly in the IR and radar
wavelengths. Urban terrain, therefore, provides an excellent
background for concealing CPs, reserves, combat-service-
support complexes, or combat forces. The inherent clutter in
urban terrain generally makes visual cues the most impor-
tant consideration in an urban CCD plan.
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military targets and the civilian population. Underground
structures (sewers, subways) are excellent means of con-
cealing movement and HVTs.

When augmented by artificial means, man-made struc-
tures provide symmetrical shapes that provide ready-made
CCD. The CCD for fighting positions is especially important
because of the reduced identification and engagement
ranges (100 meters or less) typical of urban fighting. Limit
or conceal movement and shine. These signatures provide
the best opportunity for successful threat surveillance in
urban terrain. Careful placement of equipment and fighting
positions remains important to provide visual CCD and
avoid detection by contrast (thermal sensors detecting
personnel and equipment silhouetted against colder build-
ings or other large, flat surfaces).

Conclusions. At last, the purpose of traps is rather not
concealment of some objects, and it is rather a tangling of
the opponent. They provide an effective method on decep-
tion of hostile prospecting means and means on informa-
tion collection and, therefore, reduce efficiency of fire of the
opponent. In order that they were probable, traps shall
work out a signature which is compatible in all required
ranges to the ranges of original system which they repre-
sent, that is tan gently visible, short-range IR spectrum, the
vision and radar signatures.

Deception in war is the art of misleading the enemy into
doing something, or not the enemy into doing something,
or not doing something, so that his strategic doing some-
thing, so that his strategic or tactical position will be weak-
ened or tactical position will be weakened. Deception
needs to be part of the plan. It must appear believable.

Drawing attention can get you killed. Deception is part
of every level; visual, Sigint, Elint, ComINT [5].

Fig. 10. Wareman in a form with the elements disguise
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on the nature of the operation, numerous civilian personnel
and vehicles may be present and may serve as clutter.
This confuses an enemy’s ability to distinguish between
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O. IBaHtoTa, KaHa. ¢.-m. Hayk, C KpaTbko, cTya.
cakynbTeT paniodi3anku, eneKTpPoHikn Ta KOMN’KOTEPHUX CUCTEM
KuiBckui HauioHanbHuMI yHiBepcuTeT imeHi Tapaca LLieBueHko

MOLOEPHI3ALIA CUCTEM NACUBHOIIO MACKYBAHHA

Y cmammi po3ansHymi Memodu mackyeaHHsi SIK efleMeHmu CriomeopeHHs1 cuslyemie sudumux npedmemie. BoHu cmeoprorome 3abapeneHHs
cneyianbHuUx ¢gpopmM, w06 nposodumu idenmudpikayito enemeHmie a6o HanpsiMok ix pyxy. Bynu 3anponoHoeaHi Memodu i cmpykmypa Hanpsimie
MoOepHi3auii 0o iCHyrHYUX 8)Ke MacKyr4ux cucmeM 8 wupokoMy QuHaMiYyHOMY ma criekmpasibHoMmy Odiana3oHax. [loka3aHo, w0 3a80aHHSI MAackKy-
8aHHs1 — OeMacKyeaHHs1 MOXe 6ymu eupiweHe ornepamueHol0 3MIHOK NMPUHMYy 3acobamu padiomexHiku Ha OocHoei cucmem i3 6e3 KoprnycHUMU
ceimnodiodamu.

Knto4oei crioea: pyxsiuea mackyeanbHa cucmema, onmuyHa amnnimyoda, Memodu KamybrisiKy, MacKyeaHHsl, MPUMaHKU.

A. UBaHI0Ta, KaHA. ¢.-m. Hayk, C KpaTbko, cTyA.
hakynbTeT paanotU3NKKN, INEKTPOHNKN U KOMMNBIOTEPHLIX CUCTEM
KvneBckui HauMoHanbHbIW YyHUBepcuTeT MMeHun Tapaca LLleBYyeHko

MOOEPHU3ALIUA CUCTEM MACCUBHOW MACKUPOBKU

B cmambe paccMompeHbl MemoObl MacKUPOBKU KaK 3/1eMeHMbl UCKa)XXeHUusl cuslyamoe eudumbix npedmemos. OHu omo6paxarom OKpacky
cneyuanbHbix ¢hopM, Ymobbl nposodumsb udeHmMugbukayuro 3/1eMeHmo8 Unu HanpaesieHusi ux deuxeHusi. Bbinu npednoxeHbl Memodbl u
cmpykmypa HanpaeJsieHuli ModepHU3ayuu K Cywecmeylowum yxe MackupyrujumM cucmeMam 8 WUPOKOM OUHaMUu4eCKOM U CreKmpasbHOM
Quana3soHax. [MokazaHo, Yymo 3ada4yu MacKkupoeKu — OeMacKupoeKu Moxem 6bimb peweHa orepamueHbIM U3MeHeHueM MpuHma cpedcmeamu
paduomexHUKU Ha OCHo8e cucmem ¢ 6ecKoprycHbIMU ceemoduodamu.

Kntoyeenie croea: nodeuxHasi MacKupoego4YHasi cucmemMa, onmu4eckKas aMﬂnumyda, mMemoob! KamygbrisKa, MacKupoeKu, npuMaHKuU.
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PECULIARITY OF THE LC-OSCILLATOR IN SATURATION REGIME

In this paper has been determined a specific mechanism phenomenon nonisochronism. This phenomenon was described
concerning to our oscillator — a inductive three points oscillator on bipolar npn - transistor with a common emitter.

Keywords: LC-oscillator, saturation regime, nonisochronism.

Introduction. In the simulation of LC-oscillators by the
Multisim — program it was been observed that when the
self-excitation oscillator is entering in the saturation regime,
the frequency of its oscillations is slightly reduced (Fig.1). It
is a well known phenomenon of nonisochronism, when
increasing of the amplitude of oscillation causes in nonlin-
ear systems to reduce there frequency [1, 2]. Potential Ukm
becomes greater than the voltage supply V1, the voltage at
the collector-base transition changes its sign, and the col-
lector becomes somewhat more negative from the base, so
that the collector-base transition of the transition opens.

Then the collector current begins to flow in a reverse di-
rection opposite to that which would have to come from the
emitter. And there in oscillograms of the collector. The task
of this work was to determine the specific mechanism of
this phenomenon concerning to our oscillator — a inductive
three points oscillator on bipolar npn-transistor with a
common emitter (Fig. 2).

47,5us 50ps 52,5ps

Time (s)

55us 57,5us

Fig. 1. Reducing of frequency generating
of voltage on the collector
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Fig. 2. Inductive three points oscillator on bipolar
npn-transistor with a common emitter

The phenomenon of saturation in this oscillator is that
with the growth of oscillations amplitude, when the collector
current is observed a ejection (Fig. 3), which may even
exceed the direct collector current.

1) IM | tw !

Time(s)

Fig. 3. Current and voltage of collector

As this ejection takes place not just at the moment of
maximum collector current (and minimum voltage on the
collector, as it would be), is due to the fact that the collector
current lx of the transistor causes inertia lags behind in
time of collector voltage Vk [3,4]. While its negative
ejection must be confined to the date of the entering of the
transistor in the saturation mode.

So, in some saturation moments the carriers are
injected into the base simultaneously on both sides - both
the emitter and collector of. This leads to a temporary large
increase of the space charge in the base, which can not be
dissolved during the period of oscillation.

The managing performance of the base is weaken, the
work pace of the transistor decreases and the generated
frequency will be somewhat reduced. That is is really ob-
served by modeling these processes. Switching of Schottky
diodes between the collector and the base removed this
effect, and the generated frequency was increased.
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OCOBJIUBOCTI POBOTU LC-ABTOTrEHEPATOPA B PEXXUMI HACUYEHHA

Bu3Ha4eHO KOHKpemHuli MexaHi3M sieuwja HeizoxpoHHocmi. Lje seuuje 6yno onucaHo w000 Hawozo ocyunssmopa — iHGyKmueHoi mpumoyku,
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COMPARATIVE ANALYSIS OF METHODS AND DEVICES IN COSMETIC EPILATION

Modern hair removal techniques as laser hair removal, electro-epilation, chemical hair removal are known in modern
cosmetic surgery. The main type of modern electro-epilation is thermolysis, a process where the hair is destroyed thermally, by
sharp heating with high frequency alternating current. Thermolysis is used for all types of hair, but requires perfect technique,
since it has a relatively high probability of obtaining significant burns. This method also has a large number of contraindications
and serious complications. Most of them are connected with basic acting factor of both methods — heat shock. Cold atmospheric
plasma provides selectively applying chemical energy to a target location on an external body surface, such as skin tissue

for hair removal or prevent or inhibit hair growth.

Keywords: hair removal, electrotherapy, laser hair removal, microdischarge, low-temperature plasma, cold plasma treatment.

Introduction. Such modern hair removal techniques as
laser hair removal, electro-epilation, chemical hair removal
are known in modern cosmetic surgery. With a profession-
ally conducted course of procedures, all these techniques
allow achieving a certain result. The main type of modern
electro-epilation is thermolysis, a process where the hair is
destroyed thermally, by sharp heating with alternating cur-
rent (frequency from 9 to 14 MHz). Thermolysis is used for
all types of hair, but requires perfect technique, since it has a
relatively high probability of obtaining significant burns [8].

Laser hair removal is a leading modern method of combat-
ing unwanted hair. Under the influence of light radiation, the
hair follicle heats up and collapses. The effect of the proce-
dure depends largely on the professionalism of the doctor and
the laser device chosen. There are also a large number of
contraindications and serious complications. These are: skin
burns, folliculitis, allergic reactions and others [6]. It can be
argued that the absolute majority of the shortcomings of the
two main methods of epilation discussed above come from
heat shock. It is the basic acting factor of these methods. It is
well-known that cold atmospheric plasma (CAP) is attracting
considerable attention due to their capability in biomedical
applications because most bio organisms are very vulnerable
to thermal shock [4].

CAP device causes hair loss or prevent or inhibit hair
growth with plasma providing a control means for controlling
the flow of the gas source. Also it provides the means for
controlling the run time, voltage and current of the electrode.
CAP is provided for selectively applying chemical energy to a
target location on an external body surface, such as skin tis-
sue e.g., the removal of pigmentations, scars, tattoos, etc.,
and for other surgical procedures on the skin, such as tissue
rejuvenation, cosmetic surgery, hair removal and/or transplant
procedures. The superiority of plasmas in comparison to pre-
vious medical standards remains to be clarified, especially in
physiologic and economic terms.

In the paper shown brief review modern methods of
cosmetic epilation and offered the alternative method with
using cold atmospheric plasma.

Hair. Each strand of hair is made up of the medulla,
cortex, and cuticle (Fig. 1). The innermost region, the me-
dulla, is not always present and is an open, unstructured
region. The highly structural and organized cortex, or mid-
dle layer of the hair, is the primary source of mechanical
strength and water uptake. The cortex contains melanin,
which colors the fiber based on the number, distribution
and types of melanin granules. The shape of the follicle
determines the shape of the cortex, and the shape of the
fiber is related to how straight or curly the hair is. The cuti-
cle is the outer covering. Its complex structure slides as the
hair swells and is covered with a single molecular layer of
lipid that makes the hair repel water. The diameter of hu-
man hair varies from 0.017 to 0.18 mm.

Hair growth begins inside the hair follicle. The only
"living" portion of the hair is found in the follicle. The hair
that is visible is the hair shaft, which exhibits no bio-

chemical activity and is considered "dead". The base of a
hair's root (the "bulb") contains the cells that produce the
hair shaft. Other structures of the hair follicle include the
oil producing sebaceous gland which lubricates the hair
and the arrector pilimuscles.

Most common interest in hair is focused on hair growth,
hair types and hair care. Attitudes towards different hair,
such as hairstyles and hair removal, vary widely across
different cultures and historical periods, but it is often used
to indicate a person's personal beliefs or social position,
such as their age, sex, or religion [2].
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Fig. 1 Hair structure

Cosmetic electrotherapy. Cosmetic electrotherapy is
a range of beauty treatments that uses low electric currents
passed through the skin to produce several therapeutic
effects. There are four main types of treatment, that differ
in the type of current they use including:

Galvanic treatment;

Neuromuscular electrical stimulation (NMES);

Micro-current  electrical neuromuscular stimulation
(MENS);

High-frequency treatment.

High-frequency treatment (HFT) (Fig. 2) uses low-
current high-frequency alternating currents, delivered via a
glass electrode. Because the high frequency current con-
verts some of the oxygen in the air into ozone, the treat-
ment has a germicidal action, and is also drying and warm-
ing. Consequently, the treatment is used to aid healing and
also to help desquamation (the skin's natural exfoliation)
and stimulate sweat and sebaceous glands.

© Martysh Eu., Veremii Yu., 2017
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Fig. 2. High-frequency treatment device

At up to 250,000 Hz frequency, the hollow glass electrode
behaves like a glow discharge tube and is sometime called a
"violet ray" or "violet wand" (though the colour depends on the
gas in the glass). Similar devices are used in hair depilatory.

HFT procedures involve threading a thin wire into a set
of follicles and then applying an electric current. Depending
on the nature of the device, the hair follicle is destroyed
either by the production of heat or sodium hydroxide. This
process is painful and requires consider a limited number
of follicles so that it is quite time-consuming. Multiple
treatments of a follicle are often necessary to achieve per-
manent destruction. Pigmentation at the site of treatment is
common. Since considering of limited number of follicles,
HFT of large areas is quite arduous.

Contra-indications to high-frequency treatments: cuts or
abrasions to the skin in the area to be treated; skin dis-
eases or disorders; highly vascular conditions; sensitive
skin; highly nervous clients; excessive metal in the ares;
swellings in the area; very hairy areas; sinus blockages;
heart conditions; epilepsy or diabetes; circulatory problems;
pregnancy; asthmatics.

Laser hair removal. Laser hair removal is the process of
removing unwanted hair by means of exposure to pulses of
laser light that destroy the hair follicle (Fig. 3). It had been
performed experimentally for about twenty years before
becoming commercially available in the mid-1990s. Many
reviews of laser hair removal methods, safety, and efficacy
have been published in the dermatology literature [1].

The primary principle behind laser hair removal is selec-
tive photothermolysis (SPTL), the matching of a specific
wavelength of light and pulse duration to obtain optimal ef-
fect on a targeted tissue with minimal effect on surrounding
tissue. Lasers can cause localized damage by selectively
heating dark target matter, melanin, in the area that causes
hair growth, the follicle, while not heating the rest of the skin.
Light is absorbed by dark objects, so laser energy can be
absorbed by dark material in the skin, but with much more
speed and intensity. This dark target matter, or chromo-
phore, can be naturally occurring or artificially introduced.

Melanin is considered the primary chromophore for all
hair removal lasers currently on the market. Melanin occurs
naturally in the skin and gives skin and hair their color.
Because of the selective absorption of photons of laser
light, only black or brown hair can be removed. Laser
works best with dark coarse hair. Light skin and dark hair
are an ideal combination, being most effective and produc-
ing the best results, but new lasers are now able to target
black hair in patients with dark skin with some success.

Fig. 3. Laser epilation

Under the FDA's definition, "permanent" hair reduction
is the long-term, stable reduction in the number of hairs
regrowing after a treatment regime. This means that al-
though laser treatments with these devices will perma-
nently reduce the total number of body hairs, they will not
result in a permanent removal of all hair.

Laser hair removal has become popular because of its
speed and efficacy, although some of the efficacy is depend-
ent upon the skill and experience of the laser operator, and
the choice and availability of different laser technologies used
for the procedure. Some will need touch-up treatments, espe-
cially on large areas, after the initial set of 3-8 treatments.

The important output parameter when treating hair
(and other skin conditions) is power density — this is a
combination of energy, spot diameter and pulse dura-
tion. These three parameters determine what actually
happens when the light energy is absorbed by the tissue
chromophore be it melanin, hemoglobin or water, with
the amount of tissue damaged being determined by the
temperature/time combination. Hair grows in several
phases (anagen, telogen, catagen) and a laser can only
affect the currently active growing hair follicles (early
anagen). Hence, several sessions are needed to kill hair
in all phases of growth.

Multiple treatments depending on the type of hair and
skin color have been shown to provide long-term reduction
of hair. Most patients need a minimum of seven treatments.
Current parameters differ from device to device but manu-
facturers and clinicians generally recommend waiting from
three to eight weeks between sessions, depending on the
area being treated. Some normal side effects may occur
after laser hair removal treatments, including itching, pink
skin, redness, and swelling around the treatment area or



~32~

B 1 C H M K KuiBcbkoro HauioHanbHOro yHisepcurerty imeHi Tapaca llleBueHka

ISSN 1728-3817

swelling of the follicles (follicular edema). These side ef-
fects rarely last more than two or three days. The two most
common serious side effects are acne and skin discolora-
tion. Some level of pain should also be expected during
treatments. Risks include the chance of burning the skin or
discoloration of the skin, hypopigmentation (white spots),
flare of acne, swelling around the hair follicle (considered a
normal reaction), scab formation, purpura, and infection.
These risks can be reduced by treatment with an appropri-
ate laser type used at appropriate settings for the individ-
ual's skin type and treatment area.

Comparison with Intense Pulsed Light. A 2006 review
article in the journal "Lasers in Medical Science" com-
pared intense pulsed light (IPL) epilators and both alexandrite
and diode lasers. The review found no statistical difference in
short term effectiveness, but a higher incidence of side effects
with diode laser based treatment. Hair reduction after 6
months was reported as 68.75 % for alexandrite lasers,
71.71 % for diode lasers, and 66.96 % for IPL. Side effects
were reported as 9.5 % for alexandrite lasers, 28.9 % for di-
ode lasers, and 15.3 % for IPL (see Table 1). All side effects
were found to be temporary and even pigmentation changes
returned to normal within 6 months.

Table 1
Lasers and their characteristics
Laser Wavelength Light opgl)(?n
Used (nm) Source used on
Ardon 488 nm or Turquoise/ No longer
9 514.5 nm Cyan or Green used
Ruby 694.3 nm Deep red Pale
. . All skin
Alexandrite 755 nm Near-infrared types
Pulsed . Pale to
diode array 810 nm Near-infrared medium
Nd:YAG 1064 nm | Near-infrared Darker
’ complexion
Intense
pulsed light Pale to
(IPL is not 650 nm Not a laser medium
a laser)

IPL, though technically not containing a laser, are some-
times incorrectly referred to as "laser hair removal". IPL-based
methods, sometimes called "phototricholysis”, or "photoepila-
tion", use xenon flash lamps that emit full spectrum light. IPL
systems typically output wavelengths between 400 nm and
1200 nm. Filters are applied to block shorter wavelengths,
thereby only utilizing the longer, "redder" wavelengths for
clinical applications. IPLs offer certain advantages over laser,
principally in the pulse duration. While lasers may output trains
of short pulses to simulate a longer pulse, IPL systems can
generate pulse widths up to 250ms which is useful for larger
diameter targets. Some current IPL systems have proven to
be more successful in the removal of hair and blood vessels
than many lasers.

Comparison with electrolysis. Unlike laser epilation,
electrolysis can be used to remove 100 % of the hair from
an area and is effective on hair of all colors, if used at an
adequate power level with proper technique.

A study conducted in 2000 at the ASVAK Laser Center
in Ankara, Turkey, comparing alexandrite laser and elec-
trolysis for hair removal on 12 patients concluded that laser
hair removal was 60 times faster, less painful and more
reliable than electrolysis. It is important to note that the

type of electrolysis performed in the study was galvanic
electrolysis, rather than thermolysis or a blend of the two.
Galvanic current requires 30 seconds to more than a min-
ute to release each hair whereas thermolysis or a blend
can require much less.

Adverse effects of laser. Laser treatments are basi-
cally burns. The following effects may occur:

e Temporary pain, redness, bruising, blistering and/or
crusting;

e Infection, including reactivation of herpes simplex or
folliculitis (Fig. 4);

e Pigment changes (brown and white marks), which
may be permanent;

e Scarring.

Normal

Fig. 4. Various types of hair with follicle

Folliculitis can be caused by a large number of infectious
organisms. However, frequently folliculitis is sterile and seems
to be induced by irritating chemical substances, drugs and
physical irritants like shaving. Differentiating these causes is
very important if the physician is going to be able to treat the
condition successfully.

Novel plasma source for biological and medical ap-
plications. Nonthermal, low-temperature plasmas, having
populations of high-temperature electrons and ions at or
near room temperature mixed with a neutral gas back-
ground, are emerging as a novel tool for in vivo non-
damaging treatment of living tissues in biological and
medical applications. To be efficient for this purpose,
plasma should meet the following criteria: it should signifi-
cantly reduce bacterial density in the determinated area,
cause a long-term post-irradiation inhibition of bacterial
growth, without causing any negative effect on the natural
living cells.

The sterilizing effect of the plasma source is mainly due
to oxygen free radicals, like atomic oxygen O and hydroxyl
group OH, other reactive oxygen species (ROS) and UV
radiation have an essential role in the plasma germicidal
effect. But, under the promise of sterilization effect, indus-
trial applications can select their appropriate operating
conditions. There are types of feeding gas and systems
energy efficiency as the strong criterions among them. In
order to satisfy these requirements of plasma characteris-
tics and its production, a new generation of plasma sources
specifically designed for this kind of application is being
developed [3].

Microdischarges are direct current discharges that op-
erate at a relatively high pressure of about 10—-1000 Torr
and geometric dimensions in the several hundred microme-
ter ranges. Microhollow cathode sustained discharge
(MCSD) is a particular type of microdischarges configura-
tion that uses microhollow cathode discharge (MHCD) as
an electron source for sustaining larger volume plasma. At
high gas pressure, microdischarges in these specific ge-
ometries possess several unique properties that can be
very stable and useful tools for surface treatment, reduction
of pollutants and generation of UV and VUV radiation. Limi-
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tation of experimental data in conventional diagnostics due
to small dimension a detailed study on this microdischarge
relies on numerical analysis. Combined simulation of the
MCSD and the MHCD is attempted and the corresponding
simulation results of discharge properties such as electro-
static potential, electron density, atomic and molecular ion
densities, excited species (metastables) densities, electron
temperature, gas temperature etc.

Several atmospheric-pressure plasma jets at the micro-
scale (micro-APPJs) have been developed by various
groups and are widely used in applications ranging from
thin film deposition to sterilization and biological decon-
tamination to biomedical, medical, and dental applications
and the treatment of temperature-sensitive substrates [7]

Charged spemes densities of order (10 - 10’ 5) c
and metastable species densities of order 1010 101
are predicted for the condition |nvest|gated. Electron tem-
peratures of several tens of eV near cathode sheath and
~1 eV in the remaining part of the discharge are predicted.

A distinct characteristic of a jet configuration is its ability
to generate a stable discharge in a region of inert gas and
then to transport the plasma to a separate region of reac-
tive gas for processing applications, thus providing chemi-
cal reactivity without compromising plasma stability. This
spatial separation of the plasma generation and surface
processing regions allows for flexibility in jet designs to
vary and control both plasma dynamics and reaction chem-
istry. At frequencies below 100 kHz, sub-microsecond
pulsed is found to effectively reduce gas temperature.

A device and method to cause hair loss or prevent or in-
hibit hair growth were investigated in [5]. The CAP is used in
this work. It was generated by flowing gas in proximity to an
electrode that has a high potential applied to it. The result is a
stream (~ 10 cm) of charged gas particles and active spices
that are directed to the skin that contains hair. The flowing
stream of gas is held above the surface of skin. Contact CAP
and mice in [8] has duration one month. On day 30 the hair of
animals in the no treatment group was almost completely
regrown. In contrast, animals that received plasma treatment
showed minimal hair regrowth on day 30.

€. MapTtui, a-p dis.-mat. Hayk,

0. Bepemii, kaHA. i3.-maT. Hayk,

kacheapa MeauyHoOI pagiodisnku,

cdakynbTeT paniodizankn, eneKTpoHikun Ta KOMN'IOTEPHUX CUCTEM,
KuviBcbkuin HauioHanbHUI yHiBepcuTeT imeHi Tapaca LLleByeHka

Conclusions. The main benefits of Cold Plasma
Treatment (CPT) with the supporting evidence of the clini-
cal trials are:

e Anti-microbial — kills the bacteria in infected
wounds/infections/ulcers leading to shorter healing time
(reduced hospital costs)

® Reduces pain — relief for the patients/ reduces need
for pain medicine.

e Safe treatment — CPT was used to treat more than 5
hundreds patients over a 2 year period with no side-effects
reported.

In the past few years, plasma medicine has become an
important field in medical science; as plasma has proven
anti-inflammatory, antimicrobial, and antitumor efficacy,
most topics are now focusing on immunologic disorders,
infections, and dermatology. The non-thermal atmospheric
pressure plasmas are adjustable in a wide array and can
exhibit a multitude of activities depending on the design of
the device. The breakthrough of plasma science into medi-
cal science came with the introduction of non-thermal
plasma sources in the last years.
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NMOPIBHANBbHUA AHANI3 METOAIB | NPUCTPOIB ANA KOCMETUYHOI ENINALIT

CyyacHi Memodu eudaneHHs1 80osioccsi npedcmassieHo makuMu KOCMemuYHUMU ornepayisiMu, siKk 1a3epHa eninsayisi, enekmpoeninsyisi, ximi4Ha
eninsayisi. OCHOBHUM 8UQOM cy4acHOI enlekmpoeninayii € mepmMornis, npoyec, MPuU sSIKOMy 80J10CCS 3HUWYEMbLCS MEPMIYHO, WIISIXOM Pi3K020 Ha2pi-
8aHHs1 8UCOKOYacmMoMmMHUM 3MiHHUM cmpyMoM. TepMosi3 eukopucmoeyembcs O71s1 8cix murie eosioccsi, afe suMazace ideasibHOI MexHiKu, OCKiNbKU
Mae 8iOHOCHO 8eJsluKy UiIMO8ipHicmb ompuMaHHs1 3Ha4YHuUX onikie. Ljeli Memod makoxX mae eesnuKy KinbKicmb npomurnoka3aHb i ceplo3HuUX ycknao-
HeHb. Binbwicmb 3 HUX Noe's3aHi 3 0cHO8HUM Jdito4uM ¢hakmopom o60x memodie — mensosum wiokom. Xorno0Ha ammocgepHa nna3ma 3abesneyye
subipkoee 3acmocyeaHHs1 XiMiyHOi eHepezil Ao Micysi Npu3HayeHHs1 Ha 308HIWHIlU NoeepxHi mina, Hanpuknad, WKipHy MKaHUHy Onsi eudaneHHs
soJsioccsl, 3anobizaHHsi abo NpuzHiYeHHs1 Ppocmy 80J10CCH.

Knro4oei cnoea: eninsiyisi, enekmpomepanisi, nazepHa eninsiyisi, Mikpopo3psid, HusbkomemnepamypHa nna3ma, o6po6bka xos100HO0 MIa3MoH0.

E. MapTbiw, A-p oun3.-maT. Hayk,

10. Bepemuii, kaHAa. chu3s.-maT. Hayk,

kacheapa MegMLUMHCKOW pagnodrU3nKm,

cbakynbTeT paanodn3nKm, INEKTPOHUKNA U KOMMBIOTEPHbLIX CUCTEM,
KvneBckuin HauMoHanbHbIW YyHUBepcuUTeT MMeHun Tapaca LLleBYyeHko

CPABHUTEJNbHbIA AHANN3 METOAOB U YCTPOUCTB AN KOCMETUYECKOM anunsauum

CoepemeHHble MemoOdbi ydaneHusi 8osoc npedcmassieHbl MakKUMU KOCMEMUYECKUMU OnepayusiMu, KaK n1a3epHasi nunsyusi, 31eKmpoanuisi-
yus, xumuyeckasl anunsgyusi. OCHO8HbIM 6UOOM CO8PEMEHHOU 3JIeKMPOo3NUIAYUU seIemcsi MepMosu3, MPOYecc, Npu KOMopPoM 80J10Chbl YHUY-
Mo)kKaomcsi mepMuYecKu, nymem pe3Ko20 Hazpeea 8bICOKOYaCMOMHbLIM nepeMeHHbIM mokoM. TepMonu3 ucnonb3yemcs O1s1 cex Munoe eoJsioc,
HO mpeb6yem udeanbHOU MEXHUKU, MOCKOJIbKY UMeem OmHOocUmesibHO 60J/ibulyt0 8epOosIMHOCMb MOJIyYeHUs1 3Ha4YumesibHbIX 0)K0208. dmom
mMemod makxe umeem 60/bWOE KOIUYECMEO MPOMUBOoNoKa3aHull U cepbe3HbIX OC/I0XHeHUl. BonbwuHcmMeo u3 HUx cesi3aHbl ¢ OCHOBHbIM deli-
cmeyrwum ghakmopom o6oux memodoe — menoebiM WokoM. Xono0Hasi amMmocghepHasi nna3ma obecrieyueaem usbupamesibHOe NPUMEHeHUe
XUMUuYecKoll 3Hepa2uu K MeCmy Ha3Ha4YeHUsl Ha e HewHel M0BePXHOCMU meJia, Hanpumep, KOXXHYH MKaHb Ons1 yOaneHusi eosnoc, npedomepaujeHust
unu nodaesieHuUs1 pocma eoJ1oc.

Knioyeenie croea: anunsyusi, anekmpomepanusl, 1azepHasi NUAsAYUs, MUKpPopa3psio, HU3KomeMmriepamypHasi nnaima, o6pa6omka xos00HoOU
nna3smodi.
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OPTICAL FILTERS ON THE BASIS
OF COMPOSITE NANODIMENSIONAL STRUCTURES

Numerical modeling of the electromagnetic response of the metal nanodimensional films and composite metal-
dielectric structures formed on their basis was conducted in the wavelength range of 0.2-1.9 microns. A comparative
analysis of the calculated and experimental data was presented. Influence of parameters of the studied composites on
their electromagnetic response was shown. The recommendations for the creation of optical filters with the set spectral

and selective characteristics were proposed.

Keywords: metal nanodimensional films, composite metal-dielectric structures, spectral and selective characteristics,

optical filters.

Introduction. Composite nanodimensional structures
have a unique electromagnetic property that represents
their perspective for various branches of the equipment,
in particular for optoelectronics and power. Particular
interest is given to transparent optical filters which are
used as selective coverings for photoelectric and photo-
thermal converters of energy, functional energy efficient
coverings, etc. [5].

The analysis of scientific, technical and patent litera-
ture has shown that now for development of optical
filters are generally used multilayered interferential
structures. Such structures consist of serially located
thin layers high-conductivity metals, and also dielectrics
that transparent in the visible and infrared range of
electromagnetic radiation. However such optical filters
[1] have essential shortcomings, namely: complexity of
manufacturing techniques and precision control of pa-
rameters of multilayered structures; insufficient me-
chanical durability; high prime cost of coverings; degra-
dation of parameters.

The specified shortcomings can be avoided due to
use of the composite metal-dielectric structures contain-
ing nanodimensional particles of metal which are dis-
tributed in a transparent dielectric matrix. These struc-
tures surpass difficult traditional multilayered systems
[1, 7] in the properties. The purpose of this work is defi-
nition of a response of spectral characteristics of metal-
dielectric nanodimensional structures to electromagnetic
radiation in the optical range.

Main part. An optical filter based on a composite
metal-dielectric structure consisting of a nanosized
metal film of silver and a transparent layer (which uses
materials with a refractive index of n=1.7-2.2) is se-
lected as a research object. In [8] it was shown that the
operational stability of metal-dielectric structures with a
nanosized metal component is determined by the prop-
erties of the dielectric component. In this regard, dielec-
tric materials based on aluminum oxynitride, which have
high protective properties and chemical resistance, are
of particular interest. In addition, controlling the techno-
logical parameters of synthesis, you can change their
optical properties [4].

In the manufacture of optical filters used barrier lay-
ers to eliminate the effects of degradation. They provide
a connection between the constituent components and
prevent interdiffusion of components. To determine the
spectral characteristics of the electromagnetic response
of optical filters was used a technique based on the
transfer matrix method that presented by us in [2].

As input data for nanosized metal films used optical
characteristics given in [6]. For the dielectric component —
values of permittivity that determined in the study of the
samples of aluminum oxynitride obtained by magnetron
sputtering [4]. As a barrier layer — a nanosized film of
nickel thickness is order 1 nm.

For calculation of spectral characteristics of nano-
dimensional films of metals usually use values of char-
acteristic of macroscopic materials. However it is
known that at such sizes optical parameters have pro-
portional dependence. Therefore for the purpose of
specification of legitimacy of use this approach for an
assessment of an electromagnetic response of nano-
dimensional structures, we have made a model ex-
periment which results are presented in Fig. 1. A curve
1 calculated on the basis of optical parameters of the
nanodimensional films of nickel determined by us by
an experimental-analytical method and presented
in [3]. A curve 2 - coefficients of reflection R and
transmission T of the model nanodimensional films
estimated on the basis of optical parameters of macro-
scopic materials [6]. For comparison in Fig. 1 shows
the experimental curve 3 — nanodimensional nickel film
with structural parameters in accordance with the pa-
rameters used for the model experiment.

It can be seen that the difference between values
calculated on the basis of optical parameters for nano-
scale films and experimental ones lies within the limits
of the calculation error. In turn, as expected, the result
obtained using parameters characteristic of a massive
metal differs from experiment up to 10 %. This confirms
the reliability of the results obtained on the basis of the
experimental-analytical method. An example of the
spectral dependences of coefficients of reflection R and
transmission T of composite nanosized metal-dielectric
structures of the type "aluminum oxynitride — nickel bar-

© Machulianskyi O., Babych B., Machulianskyi V., 2017
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rier film — nanosized silver film — nickel barrier film —
aluminum oxynitride — glass substrate" at various values
of their structural parameters are presented in Fig. 2.
From the indicated spectral dependences it follows that
by varying the thickness of the dielectric component, we
can regulate the spectral selectivity of the optical filter
(threshold wavelengths) in the range from 0.4 to 0.9
microns. In this case, the minimum and maximum val-
ues of the reflection and transmission coefficients vary
from 0.2 to 0.9.
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Fig. 1. Spectral dependences of coefficients of reflection
(a) and transmission (b) of model structure
"nanodimensional film of nickel
(5 nanometers) on SiO, substrate™:

1 - curve calculated on the basis
of the optical parameters determined
by an experimental-analytical method;

2 — curve calculated on the basis of optical parameters
of macroscopic materials;

3 — experimental curve
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Fig. 2. Spectral dependences of coefficients of reflection
(a) and transmission (b) of a structures like
"Al,N,0,~Ni—-Ag-Ni-AIl,N,0,-SiO,"

(b) at a thickness of a nanodimensional film
of silver d,, = 20 nanometers
for various thickness of a dielectric layer dg:

1 — 20 nanometers; 2 — 30 nanometers;

3 — 40 nanometers; 4 — 50 nanometers

To evaluate the effect of changing the thickness of a
nanosized silver film and dividing it in half by a dielectric
layer, a model experiment was carried out, the results of
which are presented in Fig. 3. As input data uses the results
obtained earlier on the basis of the experimental-analytical
method. Characteristic thickness of dielectric layers is
40 nm. In Fig. 3 curve 1 corresponds to a composite
with nanosized metal layer dn in thickness 10 nm, curve
2—-20 nm. From the indicated spectral dependences it follows
that changing the thickness of the metal layer we can regu-
late the spectral selectivity of the optical filter, shifting the
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threshold values of the wave in the range from 0.8 to
1.2 microns. As you can see, with the increase in the thick-
ness of the metal film, the threshold values of the reflection
curve shifted to the short-wave region.

In addition, we calculated the nanocomposite structures
in which the metal layer is divided into two parts by a di-
electric layer in the thickness of 40 nm. The spectral char-
acteristics of such structures correspond to curves 3 and 4.
This design allows us to expand the spectrum of visibility.
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Fig. 3. Spectral dependences of coefficients of reflection
(a) and transmission (b) of a composite like
"dielectric-barrier layer- silver nanodimensional
film-barrier layer—dielectric-substrate"
for various values of thickness
of a nanodimensional silver film d,: 1 — 10 nanometers;
2 - 20 nanometers; 3 — layer d,, (10 nanometers)
is halved by a dielectric layer; 4 —layer d,

(20 nanometers) is halved by a dielectric layer

Conclusions. The correlation between optical
characteristics of composite metal-dielectric structures
and their structural and electromagnetic parameters is
established. The response of the spectral characteris-
tics of metal-dielectric nanosized structures to electro-
magnetic radiation in the optical range of the spectrum
using the experimental-analytical method is calculated.
It is determined that by varying the thickness of the
dielectric component, it is possible to change the
thresholds of the wavelength of the filter in the range
from 0.4 to 0.9 microns.

In turn, the change in the thickness of the metal
layer, regulates the spectral selectivity of the optical
filter, shifts the threshold values of the wave in the range
from 0.8 to 1.2 microns, and dividing it by two dielectric
layers allows to expand the spectrum of transmission.

The values of optical parameters of nanosized
metal layers are obtained by the authors with the help
of the developed experimental-analytical method, with
high accuracy correlating with experimental data,
which makes it possible, when used, to increase the
reliability of prediction of the characteristics of nanos-
tructured systems.

The obtained results are of interest for predicting the
selective characteristics of composite metal-dielectric
structures for use as optical filters.
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HauioHanbHWI TexHiYHUIA YHiBepcuTeT YKpaiHu "KuiBcbkuit nonitexHiYHUn iHCTUTYT imeHi Irops Cikopcbkoro™

ONTUYHI ®INIbTPU HA OCHOBI KOMINO3UTHUX HAHOPO3MIPHUX CTPYKTYP

IMpoeedeHo 4ucnose Modesiro8aHHsI e/leKMPOMazHimHO20 8i02yKy HaHOPO3MIPHUX MJ1iBOK Memariie ma KOMMNO3UMHUX MemasiodiesleKmpu4YHuUx
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MoXKIU8OCMi CMeOopPeHHsI ONMUYHUX hinbmpie 3 3a0aHUMU CcrieKmpasibHO-CeJIeKmuU8HUMU XapaKkmepucmuKamu.
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THE DESIGN OF HARDWARE AND SOFTWARE COMPLEX
FOR SELF-STUDYING BRAILLE

The research presents the method of realization of hardware and software complex for self-study of Braille. The result of the
work is the development of the complex system that contains the hardware components for the reproduction of the Braille alpha-
bet. The model WT020-SD-16P is used to play the audio information. This module is well-compatible with the platform Arduino
Uno. The tactile module is implemented on electromagnet with a ferromagnetic core. The microcontroller ATmega328 is used to
control audible and tactile modules. To power the system, the power supply of 12 V is used. Moreover, the board built on bipolar
transistor switch is used for submission of the required current to electromagnets of the tactile module. The designed hardware
and software complex can be used in specialized schools for visually impaired people and self-studying.

Keywords: Braille, WT020-SD-16P, Arduino, an electromagnet with a ferromagnetic core.

Introduction. Owing to sight, the human being per-
ceives 80-90 % of information concerning the environment.
As of 2016, there are approximately 300 thousands of
visually impaired people in Ukraine. Instead, in the world,
this figure reaches to 40 million of people who are blind
and 246 million who are visually impaired. The annual
growth in the number of visually impaired people in Ukraine
reaches 12 thousand, in the world, this quantity is equal to
1 million. Every 5 seconds one adult loses sight but every
second — one child. According to the forecasts of world
health organization, these figures will have been increased
in two times by 2020 [1].

World Braille Council which was established in 1950
had played a major role in adaptation of Braille for the most
of the world's written languages, especially which are less
common than English, French or Spanish. In 1953, Clutha
Nantes Mackenzie was the Chairman of the World Braille
Council. He published WORLD BRAILLE USAGE - a sur-
vey of efforts towards uniformity of Braille notation. This
work includes the basic principles of World Blind Council
and comprises of Braille alphabet for languages which
were the most widespread. It should be admitted that
World Braille Council was led by UNESCO as this organi-
zation appears to be the international organization best
place to complete and apply the scheme World Braille
Council has initiated. Later, World Braille Council became
the part of World Braille Union which in 2008 established
the objective-plan that was designed to implement its the
most desirable goals. World Braille Union was eager to
start its two main initiative which were rebuilding and
strengthening the World Braille Council. Therefore, World
Braille Council is a key organization which helps to satisfy
the needs of visually-impaired people.

As for equipment designed to learning Braille, there
are only manual devices such as cube-letter, line with
Braille characters embossed or Braille alphabet. The
disadvantage of these devices is its necessity for third-
party assistance in learning, because using them inde-
pendently is impossible.

For blind and visually impaired people the ability to
write and read is a basis for living up to the hilt. Braille is a
tactile writing system used by people who are blind or visu-
ally impaired. The basis of this system is a character which
is depicted as a combination of embossed dots the height
of which is 0.6 mm and the diameter is 1.4 mm. This char-
acter is written in a cell sized 4.2 mm * 7 mm. In the classic
form of representation of the character, the cell has 6 dots
with the appropriate numeration which is presented on the
Fig. 1. The text written in this form is easily recognizable by
touch. Easy reading of characters and their compactness
allow blind to read the text quickly. This writing and reading
system was created by French tyflopedahoh Louis Braille [2].
Latin and Cyrillic letters, Arabic numerals, musical notes

and many other printed characters can be played in Braille
by different combinations of dots in cells. Braille notations
are used for writing mathematical symbols, equations,
computer signs and also for writing in a foreign language.

Ol
D&
Ol0

Fig. 1. The realization of Braille character in 6-dots system

Also, there are software and hardware systems for
learning Braille independently, however, each of them
has disadvantages. These disadvantages include support
of languages of manufacturing country and manual con-
trol of restoration of tactile representation of the charac-
ter. It should be also admitted that the cost of such de-
vices is high and there is a lack of mass production of the
most devices. As such, it could be concluded that the
development of hardware and software complex which
will enable people with visual impairments learn Braille
independently is an urgent task.

A visually impaired person is unable to independently
learn Braille. In this regard, the creation of hardware and
software complex that will allow learning Braille independ-
ently is relevant and practically important technical issue.

There are hardware and software complexes for learn-
ing Braille, but they have disadvantages such as high
commercial value. Moreover, their automation of tactile
playback isn't full. Also, it is worth to note the lack of do-
mestic devices and lack of support for localization of
Ukrainian language.

The work presents hardware and software system for
independent study Braille.

To hardware part the following requirements are:

e the existence of control panel that predicts the possi-
bility of switching between characters;

ethe existence of audible module for representing
characters;

ethe existence of tactile module of representing

characters.
© Mezhenskyi V., Bauzha O., 2017
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Software part serves for:

e tactile and audible representation of characters

The designed complex consists of the following com-
ponents:

e control Panel;

e microcontroller Arduino Uno;

e audible module WT020-SD-16P;

e tactile module.

The general flowchart of hardware and software com-
plex is shown in Fig. 2.

1. The panel of control

il

2. Microcontroller
Atmega328

3. Audible .
module 4. Ta:jct:le
WT020-SD-16P module

Fig. 2. Flowchart of hardware and software complex

The control panel consists of 4 buttons which have the
following purpose:

Button "1" — switching to the previous character.

Button "2" — repeating the character.

Button "3" — switching to the next character.

Button "4" — switching to a different sequence of char-
acters (letters, numbers etc.).

To control the audio and tactile module, the board for de-
bugging Arduino Uno [3] based on the 8-bit microcontroller
ATmega 328 is used. Arduino is an open hardware platform
for rapid implementation of various electronic devices. The
main components of the platform are the board of microcon-
troller with elements of 1/0O and development environment
Processing / Wiring for programming by language C/C++.
As a system of projecting for hardware platform Arduino, soft-
ware Fritzing is convenient to use. The internal programmer is
embedded in the microcontroller; therefore, the external pro-
grammer isn't required. As a programming environment, popu-
lar package Arduino IDE is appropriate to use.

The structure of board consists of 14 digital outputs (6 of
which can be used as outputs for pulse width modulation,
PWM outputs), 6 analog inputs, microcontroller Atmega 328,
USB connectors, the power of internal circuit programming
(ICSP) and a reset button. Recommended voltage is 7-12 V.
The voltage can be served from the AC/DC-adapter or batter-
ies, or through computer's USB-port.

For representation of audible information, audible mod-
ule WT020SD16P [6], which has several advantages is
used. Advantages:

o for collecting data SD- or micro-SD-card can be used;

e available commercial value;

e small size, 22*19 mm;

e does not require additional circuits;

e supports control commands made by the external mi-
crocontroller;

e a wide range of power: 2.7-5.0 V

Wiring to the microcontroller is shown in Fig. 3.

Fig. 3. Wiring of audible module WT020-SD-16P
to the microcontroller

The tactile module is implemented with the use of elec-
tromagnets with the ferromagnetic core (see Fig. 4).

Fig. 4. Electromagnet with a ferromagnetic core
(1 - coil, 2 - ferromagnetic core, 3 — elastic plate)

The principle of operation is the following: when the
current does not run through the coil then the elastic
plate is rejected and it indicates the presence of a re-
lief point; when supplying current to the coil, elastic
plate is attracted by a magnet that indicates the lack
relief point. In this regard, the main advantages of us-
ing electromagnets with ferromagnetic core for imple-
menting tactile module include low cost, stable and
reliable operation and simple technical maintenance of
module.

For full representation of cell, which consists of
6 relief points, 6 electromagnets are used. The tactile
module is shown in Fig. 5.
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Fig. 5 The tactile module for representing the character
of 6-dots Braille system

The physical characteristics of the developed tactile
module are as follows:

— Width 4 cm;

— Height 1.5 cm;

— Length of 5 cm.

If it is necessary, the module listed above can be de-
veloped in smaller size by using smaller sized electromag-
nets with ferromagnetic center.

The designed complex is implemented using commonly
used components among the experts, therefore, it is easily
compiled in mass production. The cost of one device at

B. MexeHcbkui, cTyA.,

O. bayxa, kaHA.i3.-maT. HaykK, acucT.,

kacheapa KOMN'tOTEPHOI iHXKeHepi,

cdakynbTeT paniodizuku, eneKTpPoHikn Ta KOMN'IOTEPHUX CUCTEM,
KuiBcbkuin HauioHanbHU yHiBepcuTeT iMeHi Tapaca LeByeHka

small-scale manufacturing is about $15 that makes it af-
fordable for most visually impaired people.

Conclusions. The presented software and hardware
complex for learning Braille can open new opportunities for
self-studying. Therefore, it will reduce the workload of
teachers in special schools. To control the electrical com-
ponents, popular hardware platform Arduino Uno charac-
terized by small size and low power consumption is used.
To play the audio information, the preference is given to
audible module WT020SD16P because of its low cost,
miniature size and simple management of commands
made by the microcontroller. For tactile representation of
characters, the tactile module using six magnets with the
ferromagnetic core is manufactured.

The proposed software and hardware complex can be
used both in special schools and for self-studying visually
impaired people.
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PO3POBKA NMPOrPAMHO-ANAPATHOIO KOMIMINEKCY
ansda CAMOCTIMHOIo BUBYEHHA LUPUDTY BPAUNA

lMpedcmaeneHo Memod peanisayii npozpamMHo-anapamHo20 KoMriieKcy O7nsi caMocmiliHo2o eus4yeHHs wpugmy Bpalins. Po3pobneHuli npu-
cmpiili mae dsa cnocobu npedcmassieHHs1 cumeorie: 38ykoeuli i makmunbHul. [ina eidmeopeHHs1 38ykoeoi iHghopmauyii eukopucmaHo mModysnb
WT020-SD-16P, a makmunbHuli Modysnb peasnizoeaHo Ha eflekmpomazHimax i3 ¢gpepomacHimHum ocepdsim. 3ae0siKu 3a3Ha4eHOMY KOMIIIeKCy cna-
6030pa /1ro0UHa 3MoXe caMocmiliHo onaHysamu wipughm Bpalins, w0 Mo3UMuUeHO No3Ha4YuUMbCs Ha oceimi He3psiyux srodel.

Knroyoei cnoea: wpugm Bpatins, WT020-SD-16P, Arduino, enekmpomazHim 3 ¢pepoma2HimHuUM ocepedKom.
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PA3PABOTKA NPOrPAMMHO-ANMAPATHOIO KOMITJIEKCA
AnA CAMOCTOATENbHOIO U3YYEHUA LUPUDTA BPAUNA

lMpedcmaeneH Memod peanusayuu pPo2pamMMHO-annapamHo20 Komriekca 01 caMoCmosimesibHO20 U3yyeHusi wpugpma Bpalins. Paspa6o-
maHHoe ycmpolicmeo umeem dea crocoba npedcmaesieHUsl CUM80J1I08: 38yKoeoll U makmusbHbIl. [ns eocnpou3zeedeHusi 3eykoeoli uHghopma-
yuu ucnonb3oeaHo modynb WT020-SD-16P, a makmunbHbIl MoOynb peanu3oeaH Ha 3/IeKmMpoMazHumax ¢ ¢heppoMazHUMHbLIM cepOe4YHUKOM.
Bnazodapsi ykazaHHOMY KoMmsiekcy, crnaboeudsiujuli 4es108eK CMOXem caMmocmosimesisHo oenadems wipugpm bBpalinsi, Ymo nonoxumesnbHO CKa-
Jxemcsi Ha o6pa3oeaHuu He3psivyux sroded.

Knroyesnle cnosa: wpugpm Bpalins, WT020-SD-16P, Arduino, anekmpomazHum ¢ ¢heppomMacHUMHbLIM 4eHMpPoM
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SIMULATION OF FORM AND POSITION
OF PLASMA BOUNDARY IN THE ELECTRODES SYSTEMS
OF GLOW DISCHARGE ELECTRON GUNS WITH THE COMPLEX SPATIAL GEOMETRY
FOR FORMING THE TUBE-LIKE ELECTRON BEAMS

The mathematical model of high-voltage glow discharge electrodes' systems with complex spatial geometry for forming of
tube-like electron beams is presented in the article. The plasma boundary position is taking into account in the proposed model
by providing calculations for simple plane electrodes system and by recalculation the volume of anode plasma corresponding to
the real spatial geometry of electrodes. The results of calculation of electric field distribution in simulated electrodes’ system are

presented in the article.

Keywords: high voltage glow discharge, anode plasma, tube-like electron beam.

Introduction. High Voltage Glow Discharge (HVGD)
electron sources, formed the electron beams with complex
spatial geometry, like tube-like and disk-like, are widely
used in industry for electron beam welding or annealing of
cylindrical thin-wall items [6, 2]. The advantages of this
type of electron-beam sources are follows:

— possibility of providing the technological operations
in the soft vacuum in the medium of different gases,
including noble and active ones, therefore choosing of
suitable gas usually defined by the requirements of
technological process;

— relatively low price both of the sources and of evacua-
tion system of technological installation;

— high production rate of welding or annealing the tube-
like items in the automation mode [6, 2].

General structure of high voltage glow discharge elec-
trode system for forming the tube-like electron beam is
presented at Fig. 1. For maintaining of high voltage glow
discharge in the volume of electron source negative accel-
eration voltage range of few or tens of kV applied to the
cathode. The operation pressure in the guns volume main-
tained in the range few Pa, up to tens Pa [6, 2].

Fig. 1. Scheme of HVGD electron guns electrodes’ system
for forming tube-like electron beams. 1 — cathode, 2 — anode
aperture, 3 — electron beam, 4 — anode plasma, 5 — plasma
boundary, 6 — high-voltage insulator, 7 — treated item

The main problem for further development of HVGD
electron sources with the complex spatial geometry of elec-
trodes' systems for forming the tube-like electron beams is
defining of plasma boundary position relatively to the cath-
ode surface. This problem generally connected with the
fact that plasma boundary take a grate influence to the
complex discharge electron-ion optic as a source of posi-
tive ions and as a moving electrode with the small positive

potential [6, 3]. In the paper [5] the analytical method for
calculation the plasma boundary position in the HVGD
electrodes systems with the complex spatial geometry was
generally considered. Proposed method is based on calcu-
lation the plasma boundary position in the plane one-
dimensional electrode system on the basis of analytical
relations, obtained for HVGD [6], and on recalculation of
this value with taking into account the real complex geome-
try of electrodes. In this paper this method is applied for the
electrodes systems, formed the tube-like electron beams,
and calculated distribution of electric field in such elec-
trodes system is presented.

Geometrical parameters of considered electrodes
system and analytical function for approximation of
plasma boundary geometry. The constructive geometry
parameters of considered HVGD electrodes' system are
presented in Fig. 2. There are such parameters: R; — ra-
dius of cathode torus surface, rs — radial size of electrodes
system, r. — radial size of torus emission cathode surface,
re1— internal diaphragm radius, rs2— external diaphragm
radius, dp — anode plasma highest, R, — radius of the torus
part of plasma boundary.

ra2

Fa

Fig. 2. Geometry parameters of HVGD electrodes system
for forming tube-like electron beam

In considering case for finding analytical dependence
r(z), which described the geometry of plasma boundary by
the analytical equation, we will to represent it as a rotation
figure in cylindrical coordinate system, as shown at Fig. 2.
In generally the next analytical dependences, characterized
interconnections between EOS parameters, can be written

5 5 d,R
he =R - Rg_rcz; rc:—Rp_; : (1)
¢c e
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With taking into account equation (2) function r(z), de-
scribed torus surface of rotated body, presented at Fig. 3,
can be written as follows:

2
d,R
r(z)=|kp + 2% + 2k (Rp ; ] -z2 )
[

where for simplifying the next coefficients are introduced:

dpRm/Rcz—Rchc 5 o
X el ky=k?-Rj=

(Rc - hc)z

—d.R 7VR§_RChC_1

rd1(Rc_hc) phe (Rc_hc)

(Rc - hc )2

JRZ -R,h
rg1(Rg —hg)—dpRg|1- ¥ 2
d1( c c) p'tc (Rc —hc)
X . 3
(Rc _hc )2 ( )
With known dependence (2) for the curve r(z), which
described by the equation (2), with known volume of anode
plasma its highness can be calculated. Corresponded
equations will be presented in the next part of the article.
Analytical relations for defining the anode plasma
volume and square of emitted surface. For simplicity
plasma boundary position firstly can be defined approxi-
mately on the base of more simple discharge models, and
then recalculated for real electrodes' system geometry for
the same volume, occupied by the anode plasma. Among
such methods of calculation the simplest one was pro-
posed in [6], where estimation of plasma boundary position
is provided on the base of equivalent one-dimensional
model of discharge gap from equation:

k=rg1—

/
dop = L~ ap 4)

m; | SuokT, [m;
Qeo| XY+ [ =23 5|2
60[ Me Rngoe kT,-

where /g, is discharge current, L and R are the length and
crosscut size of discharge gap correspondently, pqo is re-
duced pressure in the discharge region, me and m; is elec-
tron and ion mass correspondently, Qe is the mean value
of electrons overcharge cross-section, y is coefficient of
mean enlarger of electrons trajectory in the anode plasma
region and y is the coefficient of electrons reflection from

anode surface, L,,— mobility of ions in anode plasma.

Then the plasma volume in one-dimensional plane elec-
trodes' system calculated by the simple relation [1]:

V, = R%d,,. (5)
For calculation of anode plasma volume in HVGD elec-
trodes systems with cylindrical symmetry, like presented at

Fig. 2, well-known relation from analytical geometry for
calculation of rotation figure volume can be used [1]:

b

Vo = [r¥(z)ax, (6)
a

where r(z) is the analytical function, described by equation (2).

With taking into account relations (2), (5) and (6), corre-

sponded equation for calculation the volume of anode

plasma in HVGD electrodes systems for forming tube-like

electron beams can be written as follows [5]:

2

dp d.R.
Vo=mé+ [ |kp+Z?+2k [LJ -2 | dz=
R.-h
dp(Rc-hc) ¢~ e
Re
3
2R _h d3 d.(R. —h
:“@2*"2%[%}?’0‘%(%} _
C C
2
d (R.—h _
2 R, R, R,
R
—kd3 | 1, 7
 — (7)

Another problem for the electrodes' systems with the
complex spatial geometry is changing the square of emit-
ted surface corresponded to the plane electrodes. It is well-
known from analytical geometry, that the square of rotated
surface, like presented at Fig. 2, generally defined as [1]:

Sp = Tr(z N1+(r'(z)f . (8)

a
It is clear, that r(z) in equation (8) for considered
electrodes' system, formed tube-like electron beam,
defined by equation (2). Therefore equation (8) can be
rewritten as follows [5]:

dp 2
d,R
S= | ko + 2% + 2k [—” = ] -7% x
dp(Rc-hc) Re = he
Re
2
2z| 1+ 2k >
d,R; 5
RC_hC
x 1+ dz, (9)
2
d,R
ky+2% 42k, || —P—C | 22
Rc*hc

where coefficients k and k2 defined by equations (3).
Corresponded value of discharge current for electrodes
systems with geometry, presented at Fig. 2, is obtained as:

_ Solop
2nRd,

The highness of anode plasma d, can be defined with
using analytical equations (5) and (7) from graphic de-
pendences V,(dp). Corrected value of discharge current
obtained from equations (8), (9). The results of numerical
calculations for dependences V,(d,) and Spy(dp) will be pre-
sented and analysed in the next part of this article.

Simulation results and its' analyse. Obtained as re-
sults of simulation graphical dependences V,(d,) are pre-
sented at Fig. 3, and dependences Sy(d,) correspondently
at Fig. 4. One can see, that all dependences are obtained
for different cathode torus surface radius R.. The main
conclusion, which sequence from obtained results, is that
corresponding to geometry of analyzed electrodes' sys-
tems the square of anode plasma emission part is de-
creased with enlarging of discharge current and with clos-

ds (10)
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ing anode plasma to the cathode surface. Hence, cur-
rent augmentation with the pressure boost caused only
by increasing of ions concentration in a plasma volume, but
not by the enlarging of its emission surface.

V,, m®

0.019

0.018

0.017

0.016 |

0.2 0.3 0.4 05 d,m

Fig. 3. Dependence of volume, occupied by anode plasma,
from the plasma highest for different geometry parameters
of electrodes system of HVGD electron guns,
formed tube-like electron beam. ry1 =0,2m, r. = 0,4 m,
r.=07m;1-R.=04m,2-R.=0,5m,
3-R:=0,6m,4-R:=0,7m

0.03

0.02

001753 0.35 0.4 045 dpm

Fig. 4. Dependence of anode plasma emission surface
from the plasma highest for different geometry parameters
of electrodes system of HVGD electron guns, formed tube-like
electron beam.rs; =0.2m, r.=04m, r.=0.7m;1-R.=0.4m,
2-R.=05m,3-R.=0.6m,4-R.=0.7m

Simulation results, presented at Figs. 3 and 4, shown
that changing of emission plasma surface square with
increasing of radius of plasma torus for small values of
cathode torus size r; is smaller the 10 %, and for grater
values of r; it can be changed at 2 or 3 times. Square of
emission part of anode plasma and volume, occupied by
plasma, decreased with enlarging of cathode torus radius,
if other geometry parameters of electrodes are not
changed. Therefore in electrodes systems with big values
of cathode torus radius R; and with small plasma height
small contraction of plasma volume with increasing of its
height is observed. This effect is caused by increasing of
torus plasma radius R,. Such discharge regimes (plasma
height d, =0.1-0.3 m) are corresponded to very small
discharge currents and usually are not considered in a
preliminary analyzes. Furthermore, in small current dis-
charge regimes plasma boundary is not parallel to the
cathode surface, and estimations with using equations
(7), (9) may be very rough [6, 3, 5]. Correct analyze of
self-maintained electron-ion optics of HVGD electrodes
systems for small discharge current can be provided only
by analyzing discharge gap photographs [4].

However, because of small values of derivation for
function V,(dp) for the big values of cathode torus radius
R:, correct choosing of range for finding the roots of equa-

tion (7) is necessary with using numerical methods to its'
solving. In this procedure graphic dependences, are pre-
sented at Fig. 3, can be very useful. Furthermore, for
providing the greater rate of convergence using of nu-
merical methods without necessity calculation of deriva-
tions, for example simple iteration method or Stephenson
method, is preferable. Since the Stephenson method has
the second order rate of convergence, and the simple
iteration method — first order, usually the Stephenson
method will convergence faster.

With known position of plasma boundary relative to the
cathode dc, marked at Fig.2, and analytical depend-
ence r(z), defined by equations (2), (3), distribution of elec-
tric field in the simulated HVGD electrodes system also can
be easy defined with using finite-difference method.

For example, in electrodes system, formed tube-like
electron beams, cylindrical coordinate are considered, and
finite-difference formula for the Poisson equation is written
as follows [3, 5]:

U™ (i k) = o CU™ (i + 1K)+ CoU™ " (i + 1) +

C.o" ik
+CU" (i—1,k)+CdU”(i,k—1)+pp—() x
€0
x(1- @)U (i,k), (11)
1 1+$ 1—%
where C,=C.=—, C,=—%%, C, = for non-
T
. . 4 1
axial points, and C;=—, Cc = 0, C, =Cy=— for
6h? 6h?

axial points, n — number of current iteration by the potential, i
and k — the numbers of current considered nodes by longi-
tude and by radial coordinate correspondently, w is a pa-
rameter, depended from electrodes' geometry, by using
which the speed of convergence for iterations by the poten-
tial can be changed, h, — step on r coordinate and h,— step
on z coordinate. Example of distribution of electric field
in simulated electrodes systems is presented at Fig. 5.

Arm

0.6

0.4

0.2

0 0.2

Fig. 5. Distribution of electric field in the simulated HVGD
electrodes’ system, formed the tube-like electron beam:
R:=0.6 m, rys = 0.35 m, rp = 0.65 m, acceleration voltage — 15 kV,
discharge current — 1.2 A, operation pressure 3.5 Pa

Comprising of results, presented at Figs. 3 and 4 with
experimental data, shown, that for big values of dj, which
corresponded to maximal discharge currents, divergence of
theory and experiments is not grater, then 10-15 %, and
such accuracy is very fine in preliminary analyze of HVGD
electrodes systems [5, 4]. Obtained analytical formulas and
graphic dependences, characterized plasma boundary posi-
tion for different geometrical parameters and discharge re-
gimes, allows on the preliminary step of elaboration of
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HVGD electrodes' systems, formed the tube-like electron
beams, to estimate its electron-optical properties. Obtained
value of parameter d), characterized the plasma boundary
position, can also be used for the first iteration to more preci-
sion theoretical estimations. Information about the volume,
occupied by the anode plasma, and about its emission sur-
face square, also may be useful for further investigation of
HVGD physics, for example, for estimation the level of ioni-
zation, electron and ion temperature in plasma, plasma den-
sity, and other physical parameters. Further analyzing and
reviewing of finite-difference equations for current-tube
method, obtained early [5], with taking into account peculiar-
ity of geometry of HVGD electrodes' systems, formed profile
electron beams, will allows to analyze the particles trajecto-
ries in the discharge gap and to find the electric field distribu-
tion with including consideration the space charge and ele-
mentary particles interactions.

Conclusion. Proposed method of simulation allows to
estimate approximately the plasma boundary position in
HVGD electrodes' systems with the complex spatial ge-
ometry, formed tube-like electron beams, and, correspon-
dently, analysing the distribution of electric field. Comparis-
ing of theoretical and experimental results show, that
difference between them by the anode plasma position and
by the discharge current is not grater, than 15 %. Such
precision of simulation can be considered as very fine for
discharge systems. More precision estimations, especially
for low pressure and low values of discharge current, can
be given by making photograph of HVGD lighting
and computer analysing of its' brightness.

I. MenbHUK, A-p TeXH. HayK,
|. YepHATUHCBLKUK, CTYA,.,
H. M'aceubka, cTyA.,

Obtained results of simulation are very interesting and
important for the further development of modern electron-
beam technologies, connected with elaboration and apply-
ing in industry of advanced HVGD electron guns, formed
tube-like electron beams.
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kacdbeapa eNneKTPOHHUX NpUNaaiB Ta NPUCTPOIB, haKyNnbTeT eNeKTPOHIKM,
HauioHanbHin TexHiuHun yHiBepcuTeT Ykpainum "KII imeHi Irops Cikopcbkoro™, Kuis

MOOENIOBAHHA ®OPMU TA NOJNOXEHHA MEXI AHOOHOI MNA3MU B ENEKTPOOHUX CUCTEMAX
ENEKTPOHHUX TAPMAT BUCOKOBOJIbTHOIO TNIHOYOIo PO3PAAY 3 NPOCTOPOBOIO FTEOMETPIEIO
ENEKTPOAIB AN ®OPMYBAHHA TPYBYACTOIO ENEKTPOHHOIO MYYKA

OnucaHo Mamemamu4Hy Modesib e/leKmpPoOHUX CUCMeM 8UCOKOBOJILIMHO20 MJlito4020 pPo3psidy 3i ckadHOK NPOCMOPO8O0 2eomempieto
enekmpodie, Nnpu3sHavyeHuUx Onsi hopMmyeaHHs1 mpy6yacmux esleKmpPOHHUX MyYKie. Y 3anponoHosaHili Modesli MosIoXeHHs1 N1a3Mo8oi Mexi 8u3Ha-
4aembcsi Yyepe3 npoeedeHHs1 po3paxyHkie Onsi npocmoi 2eoMempii eslekmpodHOi cucmemu 3 MIOCKUMU eJleKmpodaMu ma nepepaxyeaHHsi ompu-
MaHo20 06°eMy aHOOHOI nnasmu 0ns peanbHOI Mpocmopoeoi 2eomempii enekmpodHoi cucmemu. HagedeHo pesynbmamu po3paxyHKy po3nodiny
esIeKmpu4YHO20 MoJisi 8 eIekmpPOoOHili cucmemi, sika MoOesroeaacsl.

Kntoyoei cnoea: sucokogonbmruli mniroquli po3psid, aHoOHa nna3ma, mpy6yacmuli eeKmpoHHUll My4oK.

WU. MenbHUK, A-p TeXH. HayK,

WU. YepHATUHCKMN, cTyA.,

H. Naceukas, cTya.,

kadpeapa 3NEKTPOHHbIX NPUGOPOB U YCTPOUCTB, haKynbTeT INeKTPOHUKM,

HaumoHanbHbIN TexHuYeckuit yHuBepcuteT YkpauHbl "KMU nmenn Urops Cukopckoro”, Kues

MOOENMUPOBAHMUE ®OPMbIl U MONOXXEHUA MPAHULIbI AHOOHOW MMA3MbI
B 3NEKTPOOHbLIX CUCTEMAX 3NIEKTPOHHbIX MYLEK BbICOKOBOJIbTHOIO TNEIOLLENO PA3PSOA
C MPOCTPAHCTBEHHOW TrEOMETPUEW 3NIEKTPOOB
Onst ®©OPMUPOBAHUA TPYBYATOIO 3NEKTPOHHOIO MYYKA

Onucsb ] 19ecKasi MoOesib 3/1eKMPOOHbIX CUCMEM 8bICOKOBOJILINMHO20 milelouw,e20 pa3psida co CII0XHOU 2eomempueli 351eKm-
podoe, npedHa3HayeHHbIX OJisi hopmMuposaHusi mpy64yambix I/IEKMPOHHBLIX Ny4Kos. B npednazaemoli Modesiu MosioxeHUe 2paHuUubl Maa3mbl
onpedensiemcsi nymém npoeedeHusi pacyemoe Osisi Npocmoli 2eoMempuu 351eKmpPodHoll cucmeMbl C MIOCKUMU 351iekmpodaMu U nepepacyema
nosly4eHHo20 o6béma aHOOHOU nna3mbl Onsi peanibHOU NPocmpaHcMEeHHOU 2eomempuu 31ekmpodHoll cucmemsl. [pusedeHbl pe3ynbmambl
pacyema pacnpedesnieHusi 3/1eKMPUYECKO20 01 8 Modesiupyemoli 3/1ekmpodHol cucmeme.

Knroyeenbie croea: ebicOK080/IbMHbIL mierowull pa3psid, aHoOHasi nnasma, mpy64yamsil 371eKMPOHHbIU MYyYOK.
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COMPENSATION OF MAGNETIC FIELD SPATIAL HETEROGENEITY
IN MAGNETIC RESONANCE IMAGING SYSTEM

Here we proposed the synthesis technique of a simple permanent magnet shimming system (SS) for magnetic resonance im-
aging (MRI) equipment. It is based on reduction of the second order magnetic field heterogeneity term in a specified plane. The
system may be implemented with only two square coils. The author's software for automated calculation of the coils' parameters
was developed. Computer simulations confirmed the efficiency of proposed SS. The achieved corrected magnetic field's inho-
mogeneity is 0.1 mT in the area of 20 mm is enough for construction of laboratory training magnetic imaging setup.

Keywords: magnetic resonance imaging, magnetic field, inhomogeneity, active shimming, coils.

Introduction. Today MRI is one of the leading meth-
ods for noninvasive diagnostic of living objects. This
method is based on the nuclear magnetic resonance phe-
nomenon i.e. sampling the electromagnetic response of
atomic nuclei in the superposition of oscillating and static
magnetic fields. Mostly hydrogen nuclei are used because
on their high gyromagnetic ratio. The main component of
magnetic resonance (MR) scanner is the polarizing mag-
net that provides a highly-homogeneous static magnetic
field. This magnet regardless of type (permanent, resis-
tive, superconducting), has magnetic field inhomogeneity,
which leads to a distortion of a reconstructed image in
pixels' values and spatial distribution. Decreasing of field's
inhomogeneity leads to decrease of the effective spin-spin
relaxation time that affects signal attenuation, broadening
of spectral lines and deterioration of resolution in turn [7].
A spatial distortion rises from the fact that signal's fre-
quency obtained from certain object's regions in the inho-
mogeneous magnetic field does not correspond to the
expected frequency of excitation radio pulse, phase and
frequency encoding. To avoid such distortion the inho-
mogeneity of static magnetic field By in the magnets vol-
ume should be about 107° T [2].

Creation of large magnets with a specified level of in-
homogeneity is a very difficult task. For correcting of the
field's inhomogeneity passive and active shimming ap-
proaches are used. Passive shimming is performed by
the placing of ferromagnetic plates inside the MRI sys-
tem. This method has significant drawbacks: changing
the magnetic properties of ferromagnetic under the influ-
ence of temperature and the impossibility of adjusting
irregularities caused by the patient's body during his MR
study. The idea of active shimming is in placing of coils
with specific form and current inside the magnet for crea-
tion of magnetic field that compensates the inhomogene-
ity of By field. The problem of shimming coils synthesis for
known field distribution is fairly nontrivial. Several practi-
cal methods [1, 6] for synthesis of shimming coils exist. In
this paper we simulated the shimming system for a per-
manent magnet with a high magnetic field inhomogeneity
that is comparable with the magnetic field itself.

Methods. The permanent magnet (Fig. 1) has two
poles with diameter and the distance between them —
7 cm. Magnetic field induction in center is 250 mT. The
magnetic field distribution between the poles of a magnet is
assumed to have an axial symmetry that was proved by
measurements [4]. The proposed SS consists of two
square coils placed inside the magnet (Fig. 1.) Square
coils' form was chosen for development simplicity. Accord-
ing to [4, 5] the distribution of the magnetic field is:

By = 245.703-0.11x—0.23z - 0.01xz - 0.04x2 + 0.082%, (1)

The field's induction is in mT, coordinates — in mm. The
center of the coordinate system (CS) does not match the

isocenter of the magnet. Thus displacement of the CS was
applied. After that (1) was transformed to:

B, = 245.634—0.01xz —0.04x2 +0.082>. ()
The final field distribution along Z axis is:
By, = 245.634+0.082°. (3)

The inhomogeneity along Z axis is described by the
second order polynomial:

Bs, =BY) -0.0822. (4)

So the compensation coils should provide the corre-
sponding special magnetic field dependence. The value of

the coefficient Bgo) is not essential.

0 35

70 (mm)

Fig. 1. Relative position of the magnet and coils

The field distribution of the single coil is the superposi-
tion of fields from four rectilinear wires with finite length.
For simplicity the diameter of wires considers infinitesimal.
Applying the Biot—Savart-Laplace law gives wire's spatial
field distribution:

B, - Ingn(cos o COS(Pz)‘ (5)
47cl’0

where r, — distance from point to wire, ¢, ¢, — angles

between direction of current / and lines, that connect ends
of the wire and spatial point. For the wire of length 2b and
the spatial point equidistant to the wire's ends (Fig. 2) (5)
can be rewritten:

B, = Inonb (6)

2nr0\/b2 +r2

Thus the magnetic field at the point A that is moved
from center of CS at the distance s (Fig. 2) is as follows:

Tuoub
2 “gu 2 2 (7)
252 + b2\/s2 +2b
© R. Natarov, O. Sudakov, S. Radchenko, 2017
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Fig. 2. Field from single wire of the coil

Considering that induction is a vector and its transver-
sal components B, are compensated (Fig. 3), the field
from each wire is given by the equation:

B _ onlb® _ ®)
2n(s2 + b2 Ws? + 2b2

Fig. 3. Field from two wires of the coil

Field from the single coil is a superposition of the fields
from all four wires:
2lpgub®
B o
n(s“+b )\/s +2b

Described SS has several limitations:

e currents are low for heating prevention;

e small size, that is sufficient for a placing an object
10 x 10 x 10 mm, in the region of homogeneity;

e distance from isocenter to the center of the coil is less
than 35 mm for avoid magnet poles effects.

The synthesis problem in analytic form is very compli-
cated. We applied the much simpler "brute force" approach
for coils parameters determination. Such parameters are:
half-length of square coil's side b, distance from the coil to
the center of coordinates s and current in each coil /.

Computing automation. Taking into account the large
number of parameters' variations and the needs for ap-
proximation it was decided to create the software for auto-
mated calculation of SS parameters. The software was
developed using Visual Studio 2010, programming lan-
guage is C#. Software has user-friendly Graphical User
Interface (Fig. 3) that allows interactive monitoring of the
calculations' progress.

At the window user can set initial and final values of
parameters and their step. In the box "Target 2" the
value of the second term (3) with tolerance from the box
"Tolerance 2" is given.

The algorithm has the following steps:

1. Shimming field distributions along Z-axis is calcu-
lated in 40 grid points located from —35 to 35 mm.

2. Data is approximated by 4+8 degree polynomial us-
ing the ordinary least squares method.

3. Quadratic term of this polynomial is compared to the
inhomogeneity term (3). If they match within tolerance,
calculated parameters are added into the result area.

4. Parameters are increased by the step value. Calcu-
lation continues from the step 1 until the parameters reach
their final values.

©)

== SSE

b. mm =, mm

Initial: 2 Initial: 0
Final: 20 Final: 35
Step: 2 Step: 2
Cument: 12 Cument: 18
| I

Second degree | b

=
LA
Initial: 100 Autoscrol
Final: 1000 Sound
Step: 100 Target 2 0,08
Cument: 600 Tolerance 2: |0.001
| Polyn. degree: |6
8
START
Clear
Get palyn.
Save as
About

Fig. 4. The interface of the software
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Results. For preliminary evaluation of the SS the
parameters synthesis was performed in the wide range
and with large step. The obtained parameters distribu-
tion is described on Fig. 5. Balls on the graph are at
the correspond to parameters that meet (4). Also this
graph shows the needs increasing the current while the
coil is enlarged.

The optimal SS parameters that correspond to smallest
current are as follows: /= 1076 Ampere-turns, b =19.3 mm,
s =7.94 mm. Polynomial that describes the SS magnetic
field is as follows:

Bs, =52.3+113.10762-0,0822-9,39.107192% +

+5.46-107°24 +9,37.1072225-1.4.1078 .

Magnetic field along Z-axis after shimming is de-
scribed in Fig. 6, line 2. Filed inhomogeneity obtained in
present work (line 2) outperforms the previously ob-
tained inhomogeneity for the same magnet (line 4) [3].
Thus inhomogeneity along Z-axis was decreased
45 times to AB=0.1 mT in area 20 mm, compared to
magnet without SS (line 1).

(10)

Fig. 5. Rough estimate
of the parameters variation boundaries

240 1 z, mm

30 -20 -10 0 10 20 30

Fig. 6. Magnetic field inhomogeneity
along the z-axis

The simulation in ANSYS Maxwell 3D 16.0 was per-
formed to verify the obtained SS characteristics. Simulated
magnetic field distribution proves field inhomogeneity
(Fig. 6, line 3 and Fig. 7). Magnetic field distribution after
compensation with the proposed SS was calculated and
described on Fig. 7. Field distribution is rotated around the
x-axes because polynomial (2) has term -0.01xz . Incom-
patibility between line 2 and line 3 (Fig. 6) is explained by
the limitations of SS.

B, mT

300.9
300.0
299.1
298.2
297.4
296.5
295.6
294.7
293.9
293.0
292.1
291.2
290.4

y, mm

Fig. 7. Results comparison in plane yOz

Conclusion. Proposed simple active shimming sys-
tem compensates the quadratic term inhomogeneity of
permanent magnet's field. The achieved relative inho-
mogeneity is 10™ that is enough for magnetic resonance
imaging. Designed software can serve as a tool for de-
sign, calculation and optimization of shimming, gradient
and other coils of MRI scanners. Described method can
be used in X and Y-directions. The practical implementa-
tion of the coils should provide the possibility to move the
coils along all axes in the range of £ 5 mm and the rota-
tion around each axes in the range of + 15°. The main
shortcoming of this system is relatively large currents in
the coils. Future work may be related to design the shim-
ming system that compensates the higher order terms in
magnetic field spatial dependence.
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KOMMNEHCALIS TIPOCTOPOBOI HEOQHOPIQHOCTI PO3MNOAINY MAFHITHOIO nons
B MATHITOPE3OHAHCHIWA CUCTEMI

3anponoHogaHO MemoAuKy cuHme3sy fMPocmoi WumMyr4oi cucmemu nocmiliHo2o MazHimy Onsi nompeb Maz2Himope3oHaHCHOI momozpadil.
Memoduka 6a3yembcsi Ha HieenroeaHHi Opy2020 nopsioKy HeoAHopiOHocmi e 3adaHili nnowjuHi. Cucmema Moxe 6ymu peasiizoeaHa nuwe 3a domno-
Mozoro deox keadpamHux Komyuwok. [ns aemomamu3ogaHo20 po3paxyHKy napamempie komywok 6yno po3pobneHo npozpamHull 3aci6. Egek-
mueHicmb NPonoHoeaHol WumMyr4oi cucmemu niomeepdxeHo 3a O0NOMO20f0 KoM 'tomepHoi cumynsayii. JocszHymo HeodHopiOHOcMi Kopezoea-
Ho2o MmazHimHoeo nons 0,1 MTn e o6nacmi po3mipom 20 MM, wo docmamHbo Ofii CMEOPEHHsI Maz2Himope3oHaHCHOi momozpagidyHol
nabopamopHoi ycmaHoeKuU.
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KOMMEHCALUMA NPOCTPAHCTBEHHOM HEOQHOPOAOHOCTW PACMNPEAENEHUA MAFHUTHOIO Nons
B MArHUTOPE3OHAHCHOU CUCTEME

lpednacaemcsi Memoduka cuHme3a npocmoli wummupyroujeli cucmembi 0511 MOCMOSTHHO20 Ma2HUMa 07151 Hy0 Ma2HUMope3oHaHCHOU mo-
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MoYHoO 01151 co30aHusi Ma2HUMOopPe30HacHoOU momozpaghudeckoli 1abopamopHoU ycmaHOo8KuU.
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PHOTODIODES SPECTRAL SENSITIVITY INFLUENCE ON THE TWO FOILS SOFT X-RAY
TECHNIQUE IN THE URAGAN TORSATRONS

Soft X-ray (SXR) diagnostics is routinely used in URAGAN-3M and URAGAN-2M torsatrons. One of the SXR diagnostic appli-
cations is based on the plasma temperature estimation. The ratio of the SXR signals passed through two different foils is used
for the temperature estimation. The spectral sensitivity of the photodiode itself can affect the temperature measurement in addi-
tion to the spectral dependence of the foil absorption function. Set of different modeling spectral sensitivity functions was used
for numerical calculation of the SXR signals ratio. The influence is negligible in the case of the flat sensitivity in the energy range
5-500eV in the case of thin Al foils (for example in the AXUV-20EL photodiodes case).

Keywords: Soft X-ray, two foils technique, spectral sensitivity, torsatron.

Introduction. The diagnostics of the plasma in stellara-
tors and tokomaks which is based on plasma radiation data
in the Soft X-ray (SXR) range is an important tool for study-
ing plasma confinement and heating, as well as plasma
fluctuations. An important problem in fusion devices is the
determination of the electron temperature Tg of the
plasma. One of the SXR diagnostic applications is based
on the plasma temperature estimation. A broadband light
emission from plasma is filtered by fin beryllium or alumi-
num foil in order to separate SXR emission. The SXR en-
ergy spectrum, passed through the foil, depends on the foil
thickness and material. The two foil technique used for the
estimation of the electron temperature is based on the ratio
R between the SXR brightnesses passed through different
foils. The purpose of the work was to show how photodi-
odes spectral sensitivity influence on the electron tempera-
ture measurement.The ratios of the SXR signals passed
through different foils R for different modeling dependences
of the spectral sensitivity of the photodiodes F has been
calculated numerically in our work.

Two Foils Technique. Let us consider the case of
Bremsstrahlung radiation from the plasma only. The contri-
bution of spectral lines under this assumption is negligible.
The bremsstrahlung formula has the following form:

E
W ) _E
S8 nelrymy (22T, 0% =0, (1)
where dW is the radiation power emitted in the photon
energy interval dE and ne, ni, Zesr, and T, are electron and
ion density, effective plasma charge and electron tempera-
ture, respectively.

The SXR emission is filtered by two aluminum or beryl-
lium foils with different thickness. The foil material and
thickness defines low energy absorption. If the SXR energy
is higher, the emission is passed through the foil. Thus, the
ratio of SXR emission measured by two different foils con-
tains information about the electron temperature. The SXR
intensity in the detector for the Maxwellian plasma is[7]:

1 80 g €Nl @
e ’

INTel) g

where first integral along the line of sight path / represent
ununiformed nature of the SXR emission from the plasma
and second integral represent integration of local emission
and absorption of the SXR emission by the foil versus en-
ergy. The function § is:

E(E) = exp{—E} : exp{—“(E)pi]F(E) . (3
Te (1) p
where p/p is the mass energy absorption coefficients of a
foil, t is the foil thickness, F(E) is a spectral sensitivity
function of our photodiode. In previous work [2] constant
spectral sensitivity was considered. We simulate various

forms of spectral sensitivity function in our work in order to
verify when it should be taken into account.

Generally, the problem is complex and needs inver-
sion due to the first integral other line of sight. The tem-
perature profile is peaked in Uragan-3M torsatron [4]. Let
us assume that the major part of the SXR radiation comes
from the plasma center. The contribution of the plasma
periphery can be neglected under this assumption. In this
case SXR signal in the detector is expressed as follow:

2
I~ zerr 80 [ e @)
JTel)
The integral part of this formula depends on the elec-
tron temperature only, Thus, the ratio of SXR signals
passed through two foils depends on the temperature only:

R="_R(te). (5)
I2

This formula support the two foils technique applicability.
Due to the complex p(E)/p dependence the ration R of

the signals is usually calculated numerically. Additional
function is used in our numerical calculations in order to
take into account spectral sensitivity of the photodiode.

Numerical calculations for two foils technique. Optimi-
zation of the foil thickness and material for the URAGAN condi-
tions was done in previous work [2]. It was shown numerically
that in assumption of the pure bremsstrahlung emission from
the Maxwellian plasma the ration of signals passed through the
1.5 micrometer and 2.25 micrometer aluminum filters is weakly
depends on the plasma temperature. Thicker second foil
is required for the significant dependence of the ratio in the
0.1-1 keV temperature range, practically interesting for URA-
GANs plasma. Nonetheless, according to the experimental
measurements in URAGAN-3M, the 1.5/2.25 um signals ratio
is substantially exceed predictions. One of the possible rea-
sons of the discrepancy is based on the possible influence of
the spectral sensitivity of the photodiodes, used in the SXR
measurement systems. The uniform spectral sensitivity of the
photodiode is used in the previous work. Real dependence of
the sensitivity on the SXR wavelength can substantially modify
the signals ratio, especially in the case than the difference
of the foils thickness is rather low. The complete data of
the spectral sensitivity of the even the AXUV photodiodes [2]
and other photodiodes used in URAGANS is unknown (espe-
cially the sensitivity decay in the 10-30 keV range). The ratios
of the SXR signals passed through different foils R for different
modeling dependences of the spectral sensitivity of the photo-
diodes F has been calculated numerically in our work. For
calculations, we use the formula in the form:

a
F(E) = exp —(E) | (6)

Elim
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In this form the Elim value define start of the spectral
sensitivity decay and a define the decay speed. We calcu-
lated ratio of SXR signal intensities passed through two
different foils R versus modeling photodiode sensitivity func-

tion F as it is shown in Fig. 1, Fig. 2. Numerical calculations
was done for Al 0.9um /6.15 pm and Al 1.5 pm /2.25 pm
combinations, following to the Ref [2] logic.

T p
: Eim=05 ) | AI0.9/6.15 b) | 22 Al0.9/6.15 b)
] _; 60 ! Eim=0,5 4
1 .- —i] |
0,1, —2 | s 20
} ) @
=1 18
0014 .
| J 16
T : 14l . SE—
0,1 E,keV 10 1 TekeV 2 1 T, keV 2
Fig. 1. a) Modeling functions E;, = 0,5 values of a parameter are shown in the legends;
b) SXR signals ratio for Al 0.9uym /6.15 pym and Al 1.5um /2.25 pm
e T S q . ' y 20 . . |
1 a)| 40 b) b)|
Eim=5 1 Al1.5/2.25 \ Al1.5/2.25 i
- 4 Ei = o
= im=5 184 Eiim=5 1'
 — — 1
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I e 1
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.\ ] 20+ |
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Fig. 2. a) Modeling functions E;, = 0,5 values of a parameter are shown in the legends;
b) SXR signals ratio for Al 0.9um /6.15 ym and Al 1.5um /2.25 pm

As it is seen from Fig. 1, in the case of the low the Elim
value the intensity ratio R is strongly depends on the coeffi-
cient a. In the case of low q, part of the sensitivity is still pre-
sent in the energy range 0.5-2 keV. In this case R is not sig-
nificantly different from the constant sensitivity case.

In the case of high Elim (Fig. 2) the difference between
constant sensitivity is almost absent. Thus, the low energy
part (1-500 eV) of the spectral sensitivity of the photodiode
can significantly modify the ratio of the SXR signals in the
thing aluminum foils cases under consideration. In the
AXUV-20EL photodiode case, spectral sensitivity is con-
stant up to 5 keV, according to the datasheet of the
manufacturer. This photodiode can be used for two foils
technique application in U-3M torsatron. Another old
photodiodes used in U-3M have not defined spectral sensi-
tivity curves. Possible not flat shape of the sensitivity in the
1-500 eV energy range can explain practically observed
discrepancy between constant sensitivity case calculations
experimental measurements.

Conclusions. The ratios of the SXR signals passed
through different foils R for different modeling dependences
of the spectral sensitivity of the photodiodes F has been
calculated numerically in our work. According to the AXUV

specification [1, 3], its spectral sensitivity is almost flat up to
4 keV. In the case of thin foils, practically used in U-3M SXR
diagnostics. The spectral sensitivity variation in the energy
range above 4 keV practically is not modified initial ratio.
The substantial modification is observed only in the low
cutting energy case (0.5 keV), but this model is not repre-
sent spectral sensitivity of our AXUV20EL detector.
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IHCTUTYT hismkn nna3mum, HauioHanbHWM HAyKOBUIA LIEHTP,
"XapkiBCbkui (Pi3BMKO-TEXHIYHUMN iHCTUTYT"

BMNUB CNEKTPANBbHOI YYTNNBOCTI ®OTOAIONA HA METOOUKY OBPOBKU OAHUX
M'AKOro PEHTITrEHY 3 BUKOPUCTAHHAM OBOX ®OJIbI' HA TOPCATPOHAX "YPATAH"

HiazHocmuka 3a daHUMU M'IKO20 peHm2eHi8CcbK020 8UNMPOMIHIO8aHHsI 8UKOpPUCMOBYEMbLCS Ha mopcampoHax "YpazaH-2M" i "YpazaH-3M".
OdHe 3 diazHOCMUYHUX 3acmocyeaHb M'IK020 peHmzaeHy 6a3yembcsi Ha OuyiHYi memnepamypu nnasmu. [ns oyiHKu memnepamypu euKopucmo-
8ylromb crnieg8iOHOWEHHS1 cu2Haie M'Ko20 peHmeaeHa, siKi Ipoxodsmb Yyepe3 dei ¢hosbau pi3HOi moswuHu. CnekmpasnbHa 4Yymaueicmb camMoz20
¢gomodioda mMoxxe ennueamu Ha eumiproeaHHsi memnepamypu. CoeoKynHicmb mModenbHUX (hyHKUil criekmpasnbHOi yymmaueocmi ¢pomodioda
sukopucmosyeaecsi 0711 YucesIbHO20 PO3PaxyHKy CrieeiOHOWEHHSI cu2Haslie M'aKo2o peHmaeHy. Y aunadKy MOHKUX anromidiesux ¢honbe ennue
He3Ha4Hul npu nyockil yymnaueocmi ¢pomodioda e diana3oHi eHepeziii 5-500 eB (Hanp., y eunadky ¢pomodiodie AXUV-20EL).

Knro4oei cnosa: m'akuli peHmeaeH, mexHika deox ¢hosbe, criekmpasbHa Yymsueicms, MopcampoH.
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WUHcTUTYT dpmanku nnasmel, HaumoHanbHbIN Hay4YHbIN LIEHTP
"XapbKOBCKMI (PU3NKO-TEXHUYECKUIA UHCTUTYT"

BNUAHUE CNEKTPANBHOW YYBCTBUTENIbHOCTU ®OTOANOAA HA METOAMKY OEPABOTKU JAHHbIX
MArKOro PEHTrEHA C UICNOJIb3OBAHUEM ABYX ®OJibI' HA TOPCATPOHAX "YPATAH"

HuacHocmuka no daHHbIM Msi2KO20 PeHM2eHO0BCKO20 U3Jly4YeHUs UCrnosib3yemcss Ha mopcampoHax "YpaeaH-2M" u "YpaeaH-3M". OdHo u3
duazHOCMUYeCKUX MPUMeHeHUl MsiaKo2o peHmaeHa OCHO8aHO Ha OUeHKe memnepamypbl nnaasmbl. [isi oueHKU memMnepamypbl UCMOJbL3yemcsi
CoOmHoOuweHuUe cu2Hao8 Msi2Ko2o peHmaeHa, komopble npoxodsm yepe3 dee ¢hosibau passluyHOU monwuHbl. CnekmpanbHasi Yyecmeumersb-
Hocmb camozo gpomoduoda Moxem 8lusimb Ha usMepeHue memnepamypbl. Co80KynHocmb MoOesibHbIX (hyHKUUU criekmpasnbHOU Yyyecmeu-
menbHocmu ¢pomoduoda ucnosib308ascs Ons YUCIeHHO20 pacdema COOMHOWeHUsi Cu2Hasoe Msi2ko2o peHmaeHa. B ciyyae moHkux anomu-
HueebIx ¢hosib2 enlusiHUe He3Ha4yumeJslbHO Npu Mockol YyyecmeumenbHocmu ¢pomoduoda e Auana3oHe 3Hepauli 5-500 3B (Hanp., e cayyae
¢omoduodoe AXUV-20EL).

Knroqesnbie cnosa: Mszkuli peHma2eH, mexHuka 6eyx ¢honbe, cnekmpanbHasi 4yecmeumesibHOCMb, MOPCaIMPOH.
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EXPERIMENTAL AND NUMERICAL RESEARCH
OF PLASMA-CATALYTIC REFORMING OF HYDROCARBONS

This work is devoted to the exploration of the compatibility of the hybrid plasma-catalytic conversion of liquid hydrocarbons
into syngas with the concept of sustainable development. The results of the experimental investigations indicate the high effi-
ciency of plasma-catalytic conversion of ethanol to syngas and the small amount of waste (a few percent of feedstock weight).
The results of the simulation of the kinetics using ZDPlasKin code for thermochemical and hybrid plasma-catalytic conversion.

Keywords: sustainable development, non-equilibrium plasma chemistry, rotating gliding discharge, conversion.

Introduction. The scale on which modern industry
uses materials and energy not only led to the substantial
depletion of fossil resources but also caused significant
accumulation of waste, which is hazardous to the environ-
ment. In 1980 IUCN (The International Union for Conserva-
tion of Nature), UNEP (United Nations Environment Pro-
gram) and WWF (World Wildlife Fund) approached this
problem by developing the World Conservation Strategy for
Sustainable Development. In September of 2015, the UN
proposed 17 goals of sustainable development, which were
adopted by 70 countries [26].

Among the goals of sustainable development, the
minimization of the use of fossil fuels and their replacement
with the renewable energy sources is one of the most im-
portant for ecology, society, and economics. The switch to
the renewable biomass can lead to an ecologically benefi-
cial reduction in the emission of carbon, chemicals, and
liquid fuels. However, it is widely recognized that the use of
first-generation biomass raw materials, such as corn or
edible oilseeds, is not a sustainable solution overall be-
cause it competes directly or indirectly with the production
of food. Therefore, the European Union is aimed at the use
of second-generation biomass raw materials, which in-
cludes lignocellulose, waste oils and fats [22].

A major barrier to increasing the scale of biofuels produc-
tion lies in the disadvantages of two main ways of process-
ing lignocellulosic biomass: thermochemical and biotechno-
logical. The biotechnical method of biofuel production is
based on using the microorganisms for the processing of
biomass into the desired product. This technology is used
successfully to obtain ethanol from plant sugars and
starches, but it faces significant challenges in the transition
to the more complex raw materials, such as lignin and cellu-
lose, and while attempting to produce more sophisticated
biofuels than ethanol [27, 28]. At this stage of technological
development, the performance of the biotechnical process-
ing of lignocellulosic feedstock is low and is not able to offer
the required rate of biofuel production growth.

The modern thermochemical technology of lignocellu-
losic biomass processing needs higher temperatures than
biotechnological methods (over 700 °C for pyrolysis and
1000 °C for gasification). A significant disadvantage of the

thermochemical technologies is low energy efficiency. In
addition, the use of elevated temperatures not only compli-
cates the design of processing devices and demands the
increase of safety requirements, but also decreases the
selectivity of the raw materials conversion and leads to the
emergence of byproducts. Therefore, the traditional ther-
mochemical (temperature > 700 °C) and traditional plasma-
chemical (temperature > 1000 °C) (which is based on the
ideas of thermochemical conversion using plasma torches)
processing of biomass leads to the appearance of the un-
wanted byproducts and wastes. In the case of catalytic
conversion, a high content of impurities in raw biomass
negatively affects the yield and longevity of catalysts.

As of today, the discussion is open on the development
of new principles behind the construction of technologies
for the conversion of substances, which are known as
"green chemistry". "Green chemistry" moves from the tradi-
tional evaluation of the effectiveness using the chemical
yield to the assessment of the cost-effectiveness based on
the lack of hazardous waste and non-toxic and/or hazard-
ous substances. "Green chemistry" has to transform the
raw materials (preferably renewable), exclude hazardous
waste, and use no toxic agents in the production of chemi-
cal products and in their application [23]. There should be
the development of processes involving Hz, Oz, CO, COy,
NH as a direct source of atoms H, O, C and N in the pro-
duction of fine chemicals. The quantitative measure of the
environmental acceptability of chemical technology is E
factor, which is defined as the ratio of waste weight to the
weight of a target product. Waste includes everything that
is not a target product [23].

This work is devoted to several topics: further experi-
mental research of hybrid plasma-catalytic system with the
gas discharge generator of the wide-aperture flow of non-
isothermal plasma, the investigation of some features of
the kinetics in a plasma of wide-aperture rotating gliding
discharge using numerical modeling, the comparison of
chemical kinetics during thermochemical reforming and
experimental research.

Methods and experimental setup. Partial oxidation
reforming of hydrocarbons is the most energy-efficient and
economical reaction pathway for use in the conversion

© Chernyak V., Tsymbaliuk O., Chunikhina D., Fedirchyk I., Nedybaliuk O.,
lukhymenko V., Martysh E., Veremii lu., Prysiazhnevych I., Prysiazhna O., Prysiazhnyi V., 2017
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methods that utilize electric energy. This is especially
important for the plasma-chemical reforming methods that
use electric energy. The reason for this is that in modern
power plants the production of one unit of electrical en-
ergy needs three units of chemical energy. Fig. 1 shows
the schemes of two hydrocarbon conversion approaches
are present in plasma-chemistry: plasma reforming and
plasma-catalytic reforming.

In plasma approach, the hydrocarbon and oxidant are
introduced directly into the discharge area after which the
activated mixture is injected into the reaction chamber.
Such approach leads to the appearance of the exothermal
reactions in the discharge area, which increase the rota-
tional temperature of heavy plasma components and cause
the decrease of plasma non-isothermality and drop in the
yield of desired products [5, 6]. In plasma-catalytic ap-
proach, only a part of the oxidant is introduced into the
discharge area and the activated oxidant is injected in a
form of radicals into the reaction chamber, which has the
separate injection of hydrocarbon. This approach results in
the generation of the non-isothermal plasma, which pro-
vides the increased selectivity of desired product. Dis-
charge can be used to activate a part of the oxidant while
the rest of the oxidant is introduced into the reaction cham-
ber together with the hydrocarbon. The plasma-catalytic
approach uses the active species (OH, H, O), which are
produced inside plasma from the non-toxic and/or safe
reagents, to initiate the chain reactions of renewable bio-
mass conversion at a low temperature (~ 250-350 °C).

Plasma approach

Oxidizer |:> Plasma |:> Reaction |:> Products
activation chamber of
reforming

1T (syngas)

Hydrocarbons

Plasma-catalytic approach

Oxidizer |:> Plasma |:> Reaction |:> Products
activation chamber of
reforming

TT  |esyngas)

Hydrocarbons

Fig. 1. Schematic representation of plasma and
plasma-catalytic approaches to hydrocarbon conversion

A discharge chamber, which is attached to the reaction
chamber [15], is designed for the plasma-catalytic ap-
proach to the hydrocarbon conversion. Plasma is gener-
ated using wide-aperture rotating gliding discharge [3, 4, 7].
The discharge is powered using DC power source. Fig. 2
shows the discharge chamber, gas flow directions, and
wide-aperture rotating gliding discharge. 96 % ethanol was
used as a model hydrocarbon during the plasma-catalytic
reforming of hydrocarbons, atmospheric air, which was
supplied using a compressor, was used as an oxidant. The
system for plasma-catalytic reforming of hydrocarbons into
the synthesis gas was designed for the output power of
25 kW and tested using 53.3 g min™' (25 kW) ethanol flow.
The experimental laboratory studies of hybrid plasma-
catalytic reforming of ethanol were conducted at lower
output power. Optical emission spectroscopy was used for
the study of plasma. Gas chromatography was used for the
study of gas-phase products.
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Fig. 2. Scheme of discharge chamber, directions
of gas flows and wide-aperture rotating gliding discharge
during plasma-catalytic reforming of hydrocarbons
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Experimental results. The efficiency of the reform-
ing system in terms of hydrogen production can be
evaluated from its hydrogen energy yield. It corresponds
to the flow of produced hydrogen divided by the electric
power spent on plasma generation. Fig. 3 shows the
comparison between the hydrogen energy yields of the
hybrid plasma-catalytic reforming of ethanol (the best
results of this work) and other methods of hydrogen
production that utilize electrical energy: Water Electroly-
sis [17], Westinghouse [9], Laval Nozzle Arc [8], DBD
[21], MW Discharge [13], Arc Discharge [19], GEN3 [11],
Submerged Plasma [1].
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Fig. 3. The hydrogen energy yield of reforming
of ethanol for different methods of hydrogen production
using electrical energy
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The hydrogen energy yield of hybrid plasma-catalytic
ethanol reforming is the highest in comparison with the
other methods [1,8,9,11,13,17,19,21]. The ratio of the reac-
tor power output to its volume is approximately 100 kW .
The hybrid plasma-catalytic approach can be used to solve
the existing problems of the traditional renewable biomass
reforming methods.

Physical modeling of calculations of plasma-
catalytic reforming studied using numerical calcula-
tion methods. The numerical modeling of the kinetics
was conducted for the ethanol reforming in plasma-
catalytic systems. Fig. 4 shows the scheme of one of the
experimental systems, which are used for the study of
the liquid hydrocarbon reforming via the plasma-catalytic
scheme [15].

Products of By -Oxidizer
reforming g
(syngas)

[ !

Oxidizer+
Hydrocarbons

PS

Fig. 4. Scheme of experimental setup:
1 - quartz chamber; 2, 3 - flanges; 4, 5 — inserts;
6 — T-shaped electrode; 7 — water cooling; 8 — oxidant input;
9 — directing channel; 10 — gas flow direction;
11 — pyrolytic chamber; 12 — heater; 13 — plasma torch;
14 - hydrocarbon input; 15 — reforming products outlet;
16 — gas flow direction; 17 — power supply

In several experiments, the quartz chamber (Fig. 4, 1)
was filled with water and electrode (Fig. 4, 10) was com-
pletely submerged in the liquid. When electrode (Fig. 4, 10)
was submerged, the electric field in plasma measured at
340 mA discharge current was approximately 700 V cm™.

The main goal of kinetics calculations is the study of the
processes in the volume of the pyrolytic (reaction) cham-
ber. The mixture of hydrocarbon vapors and oxidant was
introduced into the chamber via the input (Fig. 4, 14) tan-
gentially to the chamber wall and formed the "tornado”
reverse vortex flow. Rotating mixture descends towards the
bottom of the reaction chamber, moves towards the axis,
where the plasma-activated oxidant is introduced into the
reaction chamber, then the mixture moves upwards along
the axis and flows out through the aperture 15. Therefore,
the chemical reactor volume can be divided into several
zones: | — chemical reforming process or pyrolysis zone;
Il — plasma zone; Ill — main reforming zone.

The first zone is the high-temperature area, into which
the mixture of hydrocarbon and the part of the oxidant is
injected. During the simulation, the temperature in this
area is constant. The second zone is filled with the dis-
charge plasma, into which the part of the oxidant (air) is
injected and activated. The main parameter responsible
for the kinetics in plasma is the reduced electric field E/N.

E is an electric field and N is a concentration of neutral
particles in the plasma. The specifics of the kinetics cal-
culation in plasma zone is the ability to set reduced elec-
tric field based on the experimentally measured electric
field and gas temperature obtained from the plasma
emission spectra [16].

The third zone is the main reaction zone of the reactor,
into which the end products of the first and second zones
are introduced. The main hydrocarbon reforming processes
with the possibility of the occurrence of the exothermic
complete oxidation processes take place in this zone.
These exothermic processes are the main source of ther-
mal energy for the reforming processes. Fig. 5 show the
scheme of the physical model used for the simulation of the
kinetics of physical and chemical processes in the plasma-
catalytic system.

I
>

H1 |

\

PIRRDDD®®® ®

(ONONORONORORONORONORO)

[z
®

[ — 3

Fig. 5. Scheme of physical model used for calculations:

H1 — inlet for the injection of oxidant and hydrocarbon mixture;
H2 — inlet for the injection of the part of oxidant; H3 — outlet
or the ejection of plasma torch; H4 — outlet channel
for the reforming products; 1,4 — directions of the gas flow
movement; 2 — pyrolytic chamber; 3,5 — flanges;

6 — T-shaped electrode; 7 — cylindrical chamber; | - first zone;
Il — second zone; lll - third zone

Mathematical model of plasma-catalytic reforming
study. This work presents the simulation of kinetics in all
three reaction zones. The study of the first zone was done
using the base with 130 chemical reactions between 30
components [12]. The goal of the conducted numerical
experiments is the determination of the base kinetics
mechanisms, the dynamics of the generation of active
radicals and excited oxygen molecules and the kinetics of
processes in which they participate. For the dependence
on the absolute humidity, the range of the water content in
plasma gas, for which the calculations were conducted,
was from 1 % to 25 %.

In order to evaluate the dependence on the flow rate,
the modeling was conducted for the arbitrarily large time
interval, which allowed to make a "time cross-section" on
any part of said interval. The time during which working gas
was in the corresponding zone of the experimental reactor
was equivalent to the modeling time.
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Following parameters were set as base for the plasma
of the second zone: 1) gas temperature T = 2500 K (corre-
sponds to the rotational temperature determined from the
experimental plasma emission spectra); 2) electric field
800 V/m, which corresponds to the maximum field from the
investigated range of rotating gliding discharge. Plasma
gas — air with water vapor. The modeling of the processes
in the second zone (plasma, humid air) is based on the
Capitelli mechanism, which is complemented with HO,
CO- and partially N2 reactions [2]. Because the experimen-
tal data confirms that the rotational temperature is high
enough (~2500 K), all the reaction of the oxidation of at-
mospheric nitrogen were included to the list of reactions.
The mechanism was complemented by the reactions,
which involved such species as N2O, NO;, NOj;, N2Os,
N,O*, NO,", NoO™, NO,” NO3™, the rates of chemical and
electron reactions were taken from [10]. According to the
experiment, the electric field in the plasma zone varied in
the range of 100-800 V/cm, which necessitated the addition
of dissociation reactions by electron impact of such com-
ponents as H>O, NO,, and HO. At the same time, in this
type of conversion, the air with the addition of H2O is the
plasma gas, which is why the list of reactions involving H,O
and its derivatives was added to this mechanism. The list
of reactions involving H2O was composed using [14, 20].

Modeling was conducted from 10° s to 1s, W|th the 10°

®s time step for the first and third zones and 10 s time
step for the second zone. The kinetics of plasma-chemical
processes in the plasma of wide-aperture rotating gliding
discharge and chemical kinetics of ethanol conversion into
synthesis gas were calculated via ZDPlasKin program code
[18, 24]. ZDPlasKin allows the simulation of plasma kinet-
ics from the preliminary set of input parameters of the stud-
ied system (temperature, pressure, the initial concentration
of reagents etc.).

The program code allowed to solve the system of ki-
netic equations for r reactions between s components.
Reactions can be presented schematically as:

k.
. . . J
c:,ﬂS,1 + C,ZJS,2 +oeet c,an,n —t

Cln+1/SIn+1 n+2/S/
Where S, is component with index /=1,2,...,s. Each
reaction has a characteristic rate constant kj, where
j=1,2,...,r. For the zero-dimensional approximation
(homogeneous space) model balance equations form a
system of ordinary first order differential equations for
the component concentrations:

a5l S IIl @

where S; is the st0|ch|ometr|c coefﬂcnent of component
i in reaction j and is a concentration of component with
index [/ [24].

During the calculation fulfilled for the plasma of moist
air (zone Il on Fig. 5), the database used for the calculation
comprised of 900 chemical and electron-molecular reac-
tlons involving 83 components. Time sampling step was
10" s. The time interval for the calculation of changes in
the concentratlon of plasma components at the time evolu-
tion was 107 s. (It is significantly higher than the time of
the exposure of gas to the current channel of gas dis-
charge considering the experimental data: the rate of gas
flow was ~ 10° cm s™', wide- -aperture rotating discharge is
a transverse dlscharge with the diameter of current channel
~107" cm, respectlvely the time of gas exposure to the
current channel is ~ 10~ s.

Results of numerical modeling. Typical time depend-
encies of the concentrations of N, O, O3, H, OH, which are
calculated for the plasma of gas discharge —[Ai](f), are

(1)
+C ++C

S
n+2 nemilnem

shown in Fig. 6. Provided dependences [Ai](f) show that
during the experiment the setting time of the flxed values
[Ai] of O, H, and OH radicals corresponds to ~ 10~ s, and
the degree of the dISSOCIatIOI’l of molecular oxygen O
(Fig. 7) and water H,0 is ~ 1072,

. -3
(AL, om
. 1013 1 h N
—2-0
_3 - 03
408 4-H
=5 - OH
10°
10°® 10+ 102

Fig. 6. Typical time dependencies of the concentrations
of N, O, O3, H, OH

[O2(v=1)], cm?®

10" Fo=C
16 m — Oz 1%
10 — O1)-5%
02(v1 )-1 0%
15 °z(v1 )-1 5%
1 0 _ —_— 02(v1 )-20%
E — Ogy1)-25%
1 014
1 013
10 10" 10?2 10°

t,s

Fig. 7. Dependencies of changes of the concentration
of oxygen molecules, excited to the first vibrational state,
on the value of absolute humidity of plasma gas (air)

A v
K ——1- C;HsOH
w2~ O;
——3-CH,
4-co
—5-CO,

G- H,

—7.H,0

Fig. 8. Time dependence of concentrations
for the thermochemical conversion of ethanol at 1300 K
for 1C,H;0H/0.50,/0.5H,0/2N; initial mixture

The simulation of reforming kinetics was conducted
for the zone of high-temperature ethanol conversion
(Fig. 8), where thermochemical reforming takes place.
Reforming takes place under the temperature influence
via the interaction between the initial hydrocarbon
(ethanol) with air (a mixture of molecular oxygen, nitro-
gen, which is chemically inert at the presented tempera-
ture T=1100K (Fig.9), and water steam, which
amounts to 10 % of the total volume of the mixture).
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AT, cm® T=1100 K ameC,H5OH
2.510" —0;
2.0-10" - —— CHiCHO
CH
1.5:10" 4
. —CO
1.010" CO:
H
0.5'1018 - —Hzo
. N \ 2
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Fig. 9. The time dependence of the concentration of some
component at atmospheric pressure and temperature T =1100 K.
Ratio between components in the initial mixture:
1C,HsOH/0.50,/0.5H,0/2N,. Time range of simulation: [1 0?2s;10s].
Sampling time step is 10 s. Air (nitrogen and oxygen mixture)
humidity is 10 %, Water steam is present as neutral H,O molecules

The next step in the study of ethanol conversion con-
sisted of the kinetics simulation for the experimentally
measured reforming temperature T =523 K (Fig. 10). The
aim of this numerical calculation was to prove the high
efficiency of reforming, which was reached during the ex-
periment. The initial calculation conditions remained un-
changed relatively to the previously discussed model, cal-
culations for which were conducted for the temperature of
thermochemical conversion T = 1100 K.

T=523K am C2H5OH
[Ai], cm®
2.0-10" H
r R %
1.5-10" ' s CH;CHO
CH,
. 18
1.0-10 'P‘ . co
0.510 ) — He
/ —H20
0¥
@ bd bd bd i *? *? ?
g g 222 e 2 2
S K 4 ¥ B o 9 «
N -— ™ (Dt N -~ < (=]
.S

Fig. 10. Time dependencies of some of the components
at atmospheric pressure and temperature T = 523 K.
The ratio between the components in the initial mixture:
1C,Hs;0H/10/0.5H/0.50H/2N,. Time range of simulation: [10~° s;
107 s]. Sampling time step is 107 s. Air (nitrogen and oxygen
mixture) humidity is 10 %, water steam
is present as neutral HO molecules

During the calculation of chemical kinetics in the reactor
zone of the experimental system [7], the database contained
130 chemical reactions involving 30 components [25]. Time
sampling step was 107 s. The time interval for the calculation
of changes in the concentration of plasma components was
107 s. The time interval for the calculation of changes in the
concentration of the gas components at the outlet of the reac-
tor zone (Fig. 5) was equal to 10 seconds.

Time dependence of concentrations for the thermo-
chemical partial oxidative conversion of ethanol indi-
cates the existence of two conversion stages: oxygen
and without oxygen.

Conclusions. The experimental and theoretical studies
of plasma-catalytic and purely thermochemical conversions
of ethanol show that:

1. The plasma-catalytic approach is an emerging alter-
native to the traditional conversion technologies. The
plasma-catalytic approach uses active species generated
in the plasma from non-toxic and/or non-hazardous re-
agents to initiate the chain reactions of renewable biomass
conversion at low temperature (~ 500-600 K).

2. Plasma-catalytic approach confirms the concept of
sustainable development with the production of small
amounts of waste.

3. Studies of chemical kinetics revealed differences in
the mechanism of the conversions that result in significant
changes in syngas ratio ([H2]/[CO]).

4. Partial oxidative conversion of ethanol has two con-
version stages: with oxygen and without oxygen.

5. Temperature dependences of the conversion prod-
ucts concentrations show that syngas ratio changes in
response to the rise of CO quantity in the system with the
increase of reforming temperature. Additionally, CH3;CHO
production correlates with a drastic decrease of oxi-
dant (O2) concentration in the system, which indicates that
reforming is conducted through the chain reactions.
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EKCNEPUMEHTAIJIIbHI TA YXUCNOBI OOCNIOXEHHA
NMNA3MOBO-KATANITUYHOIO PE®OPMYBAHHA BYITNEBOOHIB
HocnidxeHo cymicHicmb 2i6pudHoi nna3moeo-kamanimuyHoi KoHeepcii pidkux eyaneeodHie y cuH2a3 3 KOHUenyieo cmasnozo po3eumky. Pe-

3ynbmamu eKkcriepumMeHmie eKasyromb Ha 8UCOKY egheKmueHicmb nia3mMoeo-kamasnimu4Hoi KoHeepcii emaHoOsy 8 cuHaza3 ma Ha HU3bKY KiflbKicmb
sidxodie (kinbka eidcomkie eid macu cuposuHu). HasedeHo pe3ynbmamu cumynsayii Kinemuku 3a donomozoto kody ZDPlasKin dns mepmoximiyHoi

ma 2i6pudHoi nna3moeo-kamanimu4Hoi KoHeepcil.

Knrovoei cnoea: cmanuii po3eumok, HepieHoeaxxHa nia3moximisi, o6epmoeuli Koe3Huli po3psio, KOHeepcisl.

B. YepHsik, a-p ¢us.-mar. Hayk,

O. Ubim6antok, kaHa. ¢us.-mat. Hayk,

K. YyHuxuHa, cTya.,

. ®eanpuuk, acn.,

O. Hepbi6antok, kaHA. us.-maT. Hayk,

B. lOxumeHko, KaHA. hun3.-maT. HayK,

€. MapTeiw’, A-p du3.-mar. Hayk,

0. BepeMMW, KaHA. us.-maT. HayK,

W. NpucsxHeBnY, kaHA. pus.-mar. Hayk,

0. anCﬂ)KHaﬂ1, KaHA. hus.-maT. HayK,

B. MpucsixHbIA, KaHA. pu3.-MaT. Hayk,

kacheapa husnyeckom aNEeKTPOHUKM,

1Kacbenpa MeAULMHCKON paanodusnkum,

cbakynbTeT paanodn3nKm, INEKTPOHUKNA U KOMMBbIOTEPHLIX CUCTEM,
KvneBckui HauMoHanbHbIW YyHUBepcuTeT MMeHun Tapaca LLleByeHko

OKCNEPUMEHTAJIbHBIE U YACJTOBbIE UCCJIEAOBAHUA
MNA3SMEHHO-KATANIMTUYECKOIO PE®OPMUPOBAHUA YIIIEBOOOPOAOB

IMocesiujeHo uccnedoeaHulo coemMecmumMocmu 2ub6pudHol n1a3MeHHO-Kamanumu4yeckol KOH8epcuu XUOKuX y2r1ee000podoe 8 CUH2a3 C KOH-
yenyuell ycmoli4yueoz2o passumus. Pe3ynbmambl 3KcrepuMeHmarbHbIX ucciedosaHull yka3blieatom Ha ebICOKYH 3¢hgheKmueHOCMb nia3MeHHo-
Kamanumu4ecKoll KOH8ePCUU 3MaHo/Ia 8 CUH2a3 U Ha HU3KOe KO/IUu4ecmeo omxo0oe (HeCKOJIbKO MPOUYEHMOo8 om Macchl Cbipbsi). Pesynbmamaei
CuMynsiyuU KUHemuKu ¢ nomowibto koda ZDPlasKin dnss mepmoxumudeckol u 2u6pudHol nnazmMeHHo-kamanumu4eckol KOHeepcuu.

Knrodeenie cnoea: ycmoliyueoe passumue, HepagHo8ecHasl NNy1a3mMoxumusi, epawjamesibHbil CKONb3siWul pa3psid, KOHeepCisl.
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80 POKIB ®I3UYHOI ENIEKTPOHIKU
B KMiBCbKOMY HALIIOHANbHOMY YHIBEPCUTETI
IMEHI TAPACA LLEBYEHKA: OCHOBHI ETANMU

YneH-kopecnoHaeHT Akagemii Hayk YPCP,
npodpecop H.O. Moprynic (1904—1976),
3acHOBHMK kadeapyn i3UYHOI €NEeKTPOHIKK

IcTopia kacdbeanpu isnyHOI eneKkTpoHikn

1933 p. — opraHisauia cneuianisauii "enekrpodisnka" y cknagi gisnko-matemaTnyHOro akynbTeTy BigHOBneHoro Kuie-
CbKOrO [1epKaBHOTO YHIBEPCUTETY.

1937 p. — opraHisauis kadeapv enekTpodiankm Ha 6asi ogHOMMEHHOT cnevjianisauii.

1940 p. — kacbegpa ysinuna Jo cknagy HOBOCTBOPEHOro (PisYHOro hakynbTeTy.

1952 p. — neperimeHoBaHa Ha kadeapy enekTpoHiki. Ctana 6a3oto Ansa opraHisadii pagiodiavyHoro dakynbTeTy; noya-
TOK 60-Xx pokiB XX CT. — neperiMeHoBaHa Ha kadeapy disu4HOT enekTPOHIKN.

1965 p. — Ha 6asi kadenpu opraHizoBaHo npobnemHy nabopaTopito hi3M4HOI enekTPoHikK (3apa3 — HayKoBO-
pocnigHvubka nabopatopis i3nyHOI eNeKTPOoHiKK).

1973 p. — Ha Gasi kacbenpu opraHizoBaHO HOBY kadheapy KpioreHHOi Ta MiKkpoenekTpoHiku (3apa3 — kacdenpa HaHoi3K-
KV Ta HAHOENEKTPOHIKN).

1996 p. — Ha 6asi kadheapun opraHi3oBaHO HAyKOBO-AOCHIAHWLBbKMI CEKTOP Teopii Ta MOAEeNoBaHHA NIia3mMoBMX NPOLEeCiB
(cninbHO 3 IHCTUTYTOM TeopeTnyHoi disukn HAH Ykpaitm im. M.M. Boronto6oga).

2002 p. — Ha kadtbeapy NoknageHo BUKNagaHHA AUCUUNAIH padioenekTpOHHOro LMKNY AN CTYAeHTIB MOMOALINX KYPCiB.

2004 p. — ypouucTe Bias3HaveHHs 100-pivya Big AHs HapomkeHHs H.[. Moprynica, BunyLieHo creujianbHuU HOMep Xyp-
Hany "BicHuk KHY. Pagiodisnka Ta enekTpoHika".

2010 p. — Ha 6asi kadheapw opraHi3oBaHoO HOBY Kadeapy PafioTexHiku Ta pagioenekTPOHHMX CUCTEM.

2014 p. — ypouwncTe BiasHayeHHs 110-pivysa Big AHSA HapoakeHHs H.[l. Moprynica, BigkpuTTa MeMopianbHOI JOLLKK.

Po3BuTOK HaykOBMX AOCNIMKEHb Ha kadeapi

HocnigxeHHs B ranysi gianyHoi enekTpoHikvu B 1933—-1964 pp. MNepummmn gocnimkeHHAMY B ranysi isnyHoi eneKkTpoHi-
Kn, ki npoBoaununchb Ha kadenpi, 6ynu BcebiyHi AoCniopKeHHsT KaTOAHOro PO3MOPOLUEHHS METoAAaMMU ENTEKTPOHHOI emicii
(H.O. Moprynic, M.IN. BepHaaunHep, iMoTioxa, 1937—40 pp.; Ui pe3ynbTaTv YacTKOBO BBIMLLNM OO OOKTOPCHKOI AncepTaLii
H.O. Moprynica). BuByanucsa nopir Ta agcop6buiiHa piBHOBara akTMBHMX MOHOATOMHUX MITiBOK, MPUCYTHICTb SIKMX 0OyMOB-
TOE BUCOKY €NeKTPOHHY eMICilo | BU3Ha4Yae MOXITMBICTb MPaKTUYHOrO BMKOPUCTaHHS KaTodiB Yy pisHuMX npunagax. Oocni-
OXXeHHs aii cneuianbHO 3pobneHoi Moaeni Ans BUBYEHHS LbOro siBMLLa 4O3BONWUIO OTPUMATK Baromi AaHi wWoao AeTtanen
CTaTUCTUYHOIO XapakTepy sBM1LLE KaTOAHOro PO3nopoLleHHs Ans nobyaoBu 1oro Teopii.

e B 1936 p. npoc. H.O. Moprynic ynepwie BkazaB Ha HaniBNpOBIOHWKOBY NMPUPOAY OKCUAHWUX KaToAiB, AKi B TOM 4yac
noyanu LMPOKO 3aCTOCOBYBATUCA B €NIEKTPOHHMX namnax. Lia nmioHepcbka ioest Mana Hag3Bu4YarHe 3HadeHHs Anga nopa-
NbLUOro PO3BMTKY EMICIHOT €NeKTPOHiKM. BoHa cTana OCHOBO AN CTBOPEHHS NEPLUOi Teopii TYHemNbHOI eMicii 3 HaniBnpo-
BigHWKIB (3agoBro o pobit P. ®aynepa 1a J1. Hoparenwma). Togi xx Moprynic pasom 3i cniBpobiTHMKaMM AeTanbHO BUBYUNN
pobOoTy OKCUAHUX KaTOAiB, 3aCTOCYBaBLUM CUCTEMY 30HZIB Y HaniBNPOBIOHMKOBOMY LUapi KaToAda. Takum LUMAsSXoM yXe Togi
BAAnocs BCTAHOBWUTW HASABHICTb HA MeXi KaTtoda 3 KepHOM MPUrpaHWYHOro 3aripHoro Liapy, sikomy Hajarni Hagasarocs
Ayxe Benuke 3HavyeHHs 3 ornsaay Ha Moro BMMMB Ha TepMOeMiIcito KaToda. Y ToM camuii nepiod posnovanucs AoChigKeHHs
BTOPVHHOI iOHHO-ENEKTPOHHOI eMicil Ta KoMneHcaLii 06'eMHOro 3apsifly enekTpoHiB nNo3uTnsHMMK ioHamu (H.O. Moprynic,
M.€. l'yptoBui, I.l. KoBaneHko). ¥ pesynbtati 6yna cTBopeHa ofHa 3 nepLumx y CBIiTi TEOpPi BTOPWMHHOI emicii. [i3Hiwe
(y 1950-7i pp.) M.I". HaxopakiH Bka3aB Ha NPUHLMMNOBY POIib KIHETUKN €NEKTPOHIB Y LibOMY edeKTi.
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e B 1930-x pp. H.O. Moprynic po3noyas poboTu 3 BUBHEHHSI MOBEPXHEBOI iOHi3aLii (30kpema, ekcnepumeHTanbHi 4o-
CnigXeHHs NOBEePXHEBOI iOHi3aLii aTOMIB LIe3il0 Ha NOBEPXHi BONbMpamMy) i CTBOPUB OAHY 3 NePLUNX KBAHTOBO-MEXaHIYHNX
Teopii MOBEPXHEBOI iOHi3aLii. 3a3HayMmMo, WO Ni3Hille Ha OCHOBI Lboro edekty 6ynu cTBOpeHi Q-mawmHKn, SKi 3HaNLWIu
LLMPOKE 3aCTOCYBaHHSA SK JyKepena CroKiNHOI nnasmu.

Mpun BMBYEHHI enekTpuM4HOro po3psdy B nmapax Lesilo (npoBoaunock Ha kadeapi nig kepisumuteom H.O. Moprynica B
1939-1940 pp. pasom 3 M.€. l'yptoBuMm i I".I. KoBaneHkoM ) BUSBMEHO sABWLLE, SIKe NSINO B OCHOBY TEPMOEMICIHOIO MeTo-
ay 6e3nocepefHbOro NEpPeTBOPEHHsT TEMNoBOiI eHeprii Ha enekTpuyHy. [ocnimkeHHsa npogosxunm B 1949-50 pp.
H.[O. Moprynic 3i cnipobitHrkamu B [ AH YPCP, ge BiH 4o 1961 p. npautoBas 3aBigyBayeMm Bigainy.

Baxnuemm eTanom y ctaHoBreHHi kadegpu disn4HOI eNeKTPOoHIKM SIK HayKOBOro KONeKTMBY Byno BUKOHaHHS ypsigoBOi
Temu "Katop" (Hayk. kepiBHuk — H.[l. Moprynic, Bian. Buk. — M.I". HaxogkiH, 1954-57 pp.), sika cTaBuna 3a MeTy po3pobky
pekomeHaaLi Wwoao 36inbLEeHHs CTPOKY Crny0bu okenaHux katodis. MNpu BUKOHaHHI Uil Temy Byna cTBopeHa opuriHanbHa
MeToAMKa AOCHIIKEHHS CTIMKOCTi OKCUAOHMX KaTodiB A0 iOHHOro 6ombapayBaHHSA 3 BMKOPUCTAHHSIM ra3opo3psigHOro mke-
pena ioHiB (€.T. KyuepeHrko, B.IM. Jem'aHeHko, .M. TanbHoOBa).

Y 1950-Ti pokun kadbefpa cTana ogHUM i3 nepLumx KonektueiB y PagsHcekomy Cotosi, e noyanucsa cuctemaTtuyHi 4ocri-
OXXEHHS NUTaHb i3MKN | TEXHIKM BMCOKOro 1 HagBmMcokoro Bakyymy. Y ui poku H.O. Moprynic i [".A. MNikyc cTBopunu BUCOKO-
BaKyyMHUIA Mac-CneKTpoOMEeTp, SKUA 3HAMLLOB CBOE 3aCTOCYBaHHSA B GaraTboX HayKOBO-AOCHIAHMX i 3aBOACbKMX nabopato-
pisx. Y 1962 p. 3a CTBOpeHHs HagyyTnuBoro Mmac-cnektpometrpa H.O. Moprynic, .A.Mikyc i B.®. lUHiokoB 6ynu
HaropopkeHi BiANoBiAHO 30M0Tot0, CcpibHOO Ta GpoH3oBot megannio BOHI CPCP. Lleit mac-cnektpomeTp 6yB ynposa-
[XEeHUA y BUpobHMUTBO Ha CyMCbKOMY 3aBOAi €NEKTPOHHOTO MaLLMHODYAyBaHHS.

MpuHUMNOBO BaknMBUMK OynKn  ekcnepuMMeHTanbHi  JOCMiAKEHHA AMdpPaKUii  NOBINMbHUX ENEKTPOHIB, BUKOHaHI
[.0. Nopogeubknm Ta O.M. KopHesum ixHs ctaTta 6yna HagpykosaHa B 1959 p. ogHouacHo 3 pobotor K. [lesincoHa Ta
J1. [xepmepa 3 Lboro nutanHs. OgHak B ekcnepuMeHTax [esiacoHa Ta [xepmepa 3HATTA OOHIEl enekTpoHorpaMm BuMa-
rano 48-roovHHMX BUMIpIOBaHb, TOAi siK ycTaHoBKa lopoaeubkoro—KopHeBa 4o3BonsAna cnocrepiratv npouec y peansHOMY
yaci. Came Takui nigxig 3 Yacom 3pobuB AMdPAaKLi0 NOBINbHUX €NeKTPOHIB OAHMM 3 HaMMOLMPEHILNX ekcnepuMeHTanb-
HUX MeToaiB AiarHOCTUKM NOBEPXHI.

Kadbeppa cdismuHoi enekTpoHiku 1959 p.

OocnimpkeHHs B ranysi disvku nnasmm B 1960-90-x pokax. [JocnimkeHHs 3 4i3vky HU3bKOTEMMNepaTypHOI Nnasmu Ha Kadeapi
B 1960-x pp. 6ynn HepO3pMBHO MOB'A3aHi 3 MPOBreMOI0 NePeTBOPEHHS TEMMOBOI eHeprii Ha enekTpuyHy. MNpoaoBXxyoun Jocni-
IXKEHHS1 TepMOeMiciiHoro MeTogy 6e3nocepeHbOro NEPETBOPEHHS TEMMOBOI eHeprii Ha enekTpuUYHy, po3nodati Ha kadeapi Lue
po BinHn, H.J. Moprynic pasom 3 HO.IM. Kopuesum, HO.I. Yytosum, [.M. MonywkiHum, A.M. MpxoHcbkum, O.A. Ayokom Ta
O.l. KpaByeHKOM NpoBenu LUMPOKUIA CNEKTP JOCHIAKEHb (DI3NYHMX NPUHLMNIB, SKi NEXaTb B OCHOBI LIbOTO METoay.

HocnimkeHo komnnekc ob6'eMHUX Ta NPUENEKTPOAHMX ABULL Y AYrOBOMY po3psAi B mapax uesito, npupody ioHisauii B
nnasmi, ocobnMBOCTi BUMPOMIHIOBAHHS iHpa4YepBOHOro pesoHaHcHoro aybneta towo (H.O. Moprynic, KO.I. Kopueson,
1961-1965). JocnigxeHo i3nyHi ABuLLa B "KOPOTKIN" Ay3i B Napax Lesito, gka CNyXuTb (isn4yHOK MOAENM0 Mra3mMoBOro
TepmoernekTpoHHoro nepetsoptoBaya (TEM) eneprii (H.O. Moprynic, KO.M. Kopueson, HO.1. YytoB, 1962-1965), a Takox
€MICiVHi BMacTUBOCTI Ta NPOAYKTN BUNApOBYBaHHS pady MaTepianis y 3B'A3KYy 3 iX BUKOPUCTAHHSAM B LiMX NepeTBoploBayax
(H.O. Moprynic, tO.A. OaatoH, P.1. Map4yeHko, b.l. Muxainnoscbkun).
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JocnimkeHo BNacTMBOCTI NnasMu iHEPTHMX rasiB Mpu NiaABULLIEHOMY TUCKY 3 JAOMILLIKOK JIErKOiOHI30BaHMX MapiB My>XHUX
€reMeHTIB 3a HM3bKOro TUCKY SK pisvdHOi Mopeni [OMILIKOBOro rasonna3moBoro HanienposigHuka (H.O. Moprynic,
I.M. NMonywkiH, 1962—1965). Bu3HayeHi KOHCTAHTN AeAKUX enemMeHTapHUX NpouecisB, 3o0kpema, eeKkTUBHWUIA Nepepis po3ci-
IOBaHHSA eNeKTPOHIB aToMaMM Lie3ieBOi Ta KanieBoi Nna3mmn 3a HasiBHOCTI iHEPTHOrO rasy i 6e3 Hboro, ePeKTUBHUI Nepepis
30yKEHHS Ta ioHi3aLii aTomiB kanito i Lesito B Npunoporogin obnacTi, koedilieHT pekombiHauii npu po3nagi nnasmm B iHe-
pTHOMY rasi 3 AoMiwkamu napis uesito i kanito (H.O. Moprynic, FO.IM. Kopuesow, .M. MonyLwukiH, 1962—1965).

YnepLue 6yno nokasaHo, WO B MXEeNEeKTPOAHOMY MPOMIXKKY TEPMOEMICIIHOIO NepeTBOpioBaYa CTBOPIOETLCA MNiasma, ska Bu-
3Havae napameTpu TElMa B Tux pexumax moro pobotu, ki BignoBigaloTe peanbHMM yMOBaM eKcrnyatauii. Y noganbliomy L
ysIBMEHHS nNpo ponb nna3mu B TENi ctanm 3aranbHOBU3HaHNMK siK cepef BITYA3HAHMX YYEHUX, TaK | 33 KOPOOHOM.

OcobnuBo cnig BiA3HauYMTU BIgKPUTTS ABUWA (oTope3oHaHcHoi nnasmu B 1965 p. (H.O. Moprynic, KO.I1. Kopueson,
A.M. MNpxoHcbkuin). BoHo Gyno 3apeectpoBaHo MixxHapodHO acolialieto aBTopiB HAyKOBUX BIiOKPUTTIB, sika Bugana Kuis-
cbkoMy yHiBepcuteTy caigouTso NA-118 Big 4.08.1998 p.

HaykoBui Hanpsim, nos'd3aHun 3 pgocnigxeHHam HBY-BnactmBoctenm nnasmun, y 1949 p. 3anovaTkyBaB
C.M. JleBnTCbKMIA, KONKU NpauoBaB Ha kadedpi sk acnipaHT. Y WOro kaHAMAATChKi avcepTauii 6yno Bneplue BUSBIEHO i
[OCNIAXEHO ABULLE KAaTOOQHOIO PO3NOPOLLEHHS Y BUCOKOYACTOTHOMY PO3psdi — NPoLEec, KM 3roAdoM 3HAWLIOB HaWLMpLUe
3aCTOCYBaHHS Y TEXHOJOTii BUTOTOBMNEHHS TPAH3UCTOPIB i iHTerpanbHUX MikpocxeMm. Pob6oTu JleBUTCbKOro 3 JocniaXeHHs
BMacTMBOCTEN BUCOKOYACTOTHMX PO3PSAAIB (30KpeMa, BiOKPUTTS o- Ta y-pexumiB emHicHoro BY-po3psay) 3gobynu ceitoBe
BM3HaHHS i CTanu KNacuyYHUMU, Npo Lo CBigYaTh iX LUMTYBaHHSA SIK NIOHEPCBKUX Y YMCIEHHUX HAYKOBUX CTaTTAX, MOHOrpa-
disix Ta AOBIAHMKAX.

13 1957 p. C.M. JleButcbkuin pasom 3 I.MN. WawypiHnm novanu 3anmMaTuca po3pobKo HOBMX HaABMCOKOYACTOTHUX
MeToZiB AiarHOCTUKM Nna3mu Ta il B3aemogii 3 nyykamu enekTpoHiB. [ig #oro kepiBHMLTBOM CniBpoOITHMKM Kadenpwu
M.C. Bapanuyk, .M. WawypiH, B.3. lWanosan ta K.I'. ®inoHeHko B 1960—70 pp. Aocniavnu guHaMiky po3BUTKY Mra3mo-
BO-My4KOBOI B3aEMOAIT Ta OTpUManu Liny HU3Ky BaXNMBMX AaHUX NPO OCOOMMBOCTI MOLMPEHHS i HEMiHINHOI B3aemogii
pi3HMX BUAIB CNpAMOBAHWX XBWMb Y nNnasMoBux xsunesogax. [lig kepiBHMUTBOM JleBUTCbLKOro MOro acnipaHTt
HO.l. BypukiH npogiB po3pobky nnasMoBMX BUNpPOMIHIOBaYiB — aHTeHn HBY-gianasoHy (1970-Ti poku). Y HacTynHi poku
po6ota HBY-BvnpoMiHIOBaYiB y nnasmi 9K [OiarHOCTUYHMX 30HZIB Oyna BuBYeHa petanbHo (C.M. JleBUTCbkMIA,
I.MN. Wawypin, B.®. Bipko, T.A. I'pasHoBa, K.®. Manywkesuy, O.I1. MNopunHebka, O.B. Icapos, K.C. Kapnniok, 11.0. Mantok,
B.M. OneHcbkun, 1.B. Tumolnyk, K.I'. dinoHeHko, O.3. LLanosan).

Byno BusBneHe siBMLLE HEMiHIMHOrO caMmoy3romxkeHHsa nnasmu HBY-po3psay 3 BunpomiHioBadamu HBY-gianasoHy, ske
€ eheKTVBHMM METOAOM HakayyBaHHS eHeprii B HBY-po3psa, wo BaxnmBo npu po3pobui Ta CTBOPEHHI BUCOKOE(EKTUBHNX
nnasmMoTpoHiB ANng nnasmoxiMmiyHux peaktopis (C.M. Jlesutcekui, |.1. WawypiH, T.A. [pasHosa, K.I'. ®inoHeHKo).

Ha nou. 1960-x pp. Ha Kadbeapi NpPOBOAMNMNCA AOCHIMKEHHSA NEHHIHMBCLKOrO Ta Nna3moBo-ny4koBoro po3psaais (B.A. CaeHko,
I.A. ABopCbkmin). BoHn cTanm 6a3oto Ansi CTBOPEHHS TEPMIOHHOTO MEeTOoAy OCa[KeHHsI TOHKUX NMiBOK (aBT. ¢B.1965 p.).

Y 1960-Ti pp. 3a iHigiaTnen npodp. H.O. Moprynica noro acnipaHTt KO.l. YyToB po3noyas Ha kadeapi ekcriepumeHTanbHi
AOCNIAXEHHA OAHOKPATHOI iMNYNbCHOI PYyXOMOI NNa3mn B €neKTPUYHMX yaapHUX Tpybkax Ta il B3aeMogii 3 MarHiTHUM no-
nemM (HOBMI HayKOBMII HanNpaAM AOChifXeHb — (isnKa nnasmu 3 pyxomoto mexeto). Mig kepisHuuUTBOM npod. 0.1, Hy-
ToBa nNnigHO npaulBaB HaykoBui konektmB: B.W. Bepko, HO.B. BoBueHko, B.A.>KosTaHcbkun, O.B. Kopontok,
O.l. KpaBueHko, O.10. KpasueHko, T.€. JlucutyeHko, B.Jl. MenbHnuyeHko, KO.B. Miu, B.FO. MankiH, B.M. lNMogonbcbkun,
B.A. YepHsk, O.J1. YepHonyubkuii Ta iH. Y pe3ynbTaTi BCeBiYHNX ekcnepuMeHTanbHNX JOCHiAXeHb i KOMM'IOTEPHOro Moae-
TNIOBaHHS iMNYMbCHOI NNasMy 3 pyXOMOK MeXeto, SKi NPOoBIB LieN KONEeKTUB, 3 BUKOPUCTaAHHAM OpUriHanbHUX OMTUYHUX i
30HO0BMX METOAMK 3 BMCOKOK MPOCTOPOBOID Ta YACOBOK PO3AiNbHOK 34aTHICTHO, BCTAHOBMNEHI HOBI (Di3WyHi BNaCcTMBOCTI
0OMeXeHNX NnasmMoBMX 3rycTKiB Ta CTPYMEHIB, @ TakoX HeCcTauioHapHUX ra3oBux po3psiaie. 3okpema, byno ekcnepumeHTa-
NbHO BUSIBNEHO SIBULLIE €NEeKTPUYHOI AeToHaLUiT Npy NOLMPEHHi yaapHUX XBUIb Y ra3opo3psaaHin nnasMi Ta iX NPUCKOpeHHs
npu nepexoai Mexi NoAiny Mk NnasMoto Ta HeUTPanbHUM ra3oM, BUSIBMEHO iIHTEHCYBHE OXOMNOMAXEHHS Nna3mMoBUX 3rycTkiB
YHaCNIgoK Pyxy iXHIX MeX, BCTAHOBIEHO YMOBWU BUHMKHEHHS yOAPHUX XBUMb NPY B3aEMOZii iMNynbCHOI Nnasmu 3 HenTpa-
nbHUM rasom (FO.1. YyTos, O.1O. KpaBueHko, B.M. Mogonbcbkuii, 1980—1985). Okpim Toro, 6yno po3pobneHo edekTUBHUN
TEN 3 gogatkosum nynscytodmm pospsgom (FO.1. YyTos, O.l. KpasueHko, T.€. NucutyeHko, 1978-1980) i MeToAMKY KOHT-
poOno SKOCTi BUrOTOBIIEHHS MAakeTiB i JocnigHux 3paskiB nnasmoBux iHgukaTopiB (HO.l. YytoB, M.C. BapaHuyk,
O.1. KpaBueHko, T.€. Jlucutuetko, 0.B. Miu,1973-1976).

Byna Takox BusiBNeHa N NosicCHeHa NPYHLIMMOBA BiAMIHHICTb BNVBY NPOLIECIB NEPEHECEHHS Ha Po3naj PO3pPiMkeHOI Ta LWinb-
HOI HM3bKOTEMNEPATYPHOI Nnasmmn Ta MeToA NOAIGHOCTI ANs BU3HAYEHHS BMNVBY CAMOMOITMHAHHSA BUMMPOMIHIOBAHHSA Ha 3ace-
NEeHHs1 piBHIB aToMiB iHEpTHMX rasiB (B.A. >KosTaHcekuii, O.M. HoBik), a Takox npoBefeHi AOCMIMKEHHA NPUCTIHKOBMX LUapiB y
LLiNbHiM nnasmi 3a gonomoroto andysivHnx 3oHais (B.A. XosTtaHcbkuid, B.1. KoueTkos, O.M. Hosik, B.I". XaHbko).

CTumynom Ans po3LMPEHHsT 3a3HaYeHVX HanpsmiB HaykoBUX AOChifkeHb cTano 3BepHeHHs IE3 im. €.0. MNatoHa po
YHiBEpCUTETY LWOAO0 OiarHOCTUKU NNasMu eneKkTPUYHOT Oyru, WO BifbHO NIATPUMYETLCA B aTMocdepi MK MiAHUMU enekT-
pogamu. OcHoBHa npobGrema nonsrana B TOMYy, WO Ayra XaoTMYHO NEpPeMILyeTbCS MO MOBEpxHi enekTpopis. HassHuia
noTeHujian WBMAKICHUX METOAIB AiarHOCTMKN 03BOSIMB BiAHOCHO JIEMKO BMOPATUCh 3 BMacHe CreKTpanbHMMU BUMIPHOBaH-
HAMKU Takoro HecTauioHapHoro ob'ekta (l.J1. bab6iy, A.M. Beknu4, B.A. )KoBTsHCbKMIN). BusiBneHa HepiBHOBaXHiCTb
€enekTpoayroBoi nnasmu, NPUYMHOKD SKOT € NMepeHeCceHHs1 pe3oHaHCHOro BunpomiHoBaHHsA (I.J1. Babiv, A.M. Beknuu,
B.A. l'onoekiHa, B.A. XXosTaHcekuin, A.l. Yepepapuyk). MogenioBaHHS NpoLECiB B €NeKTPUYHIn Aysi NiaTBepauno HeictoT-
HICTb BNNNBY OEMIKCUMHIY KOMMOHEHT y nnasmi (B.A. 2XKoBTaHcbkun, E. Mepdi, B.M. MaTpitok).

Y 1996 p. BignosigHo go yrogn mix HAH Ykpaiiu Ta KniBcbkum yHiBepcuteToM imeHi Tapaca LleBuyeHka, Ha kadeapi
Oyno CTBOpPEHO HayKOBO-AOCMIOAHMI CEKTOp Teopii Ta MOAEnBaHHS Mna3moBMX npoueciB (Hayk. kepiBHuk —HO.l. YyTtoB ,
3aB. cektopa — T.€. JIucuTyeHko), Wo BoAHOYAC € CKMNafoBOK CMiMbHOro HaykoBO-AOCMIAHOMO BiaAiny Teopii Ta Mogento-
BaHHs1 NNa3mMoBUX npoLeciB IHCTUTYTY TeopeTuyHoi gisuku im. M.M. Borontobosa (3aB. Biaainy — A.I'. 3aropogHii).

Ocobnueoro po3suTKy Habyno Ha kadeapi komn'toTepHe MoAentoBaHHS i3nYHMX NPOLECIB y 3anopoLleHi nnasmi
(KO.1. YyToB, O.10. KpaB4eHko, B.C. Akoeupbkuit, B.M. 3to3b, P.[. CmipHoB, 1997—2000)

Y 1990-x pokax Ha kadegpi nig kepiBHULTBOM fou. B.A. YepHsika y cniBpobiTHULUTBI 3 XiMiYHUM haKynbTeTOM yHIBEpCUTETY
noyanu ycnilHO po3BMBATMUCA KOMMIEKCHI OOCMIMKEHHS HEPIBHOBAXKHOI Ma3Mu ra3oBMX po3psaiB y 3B'A3Ky 3 MOXIMBUMK 3a-
CTOCYBaHHSIMM B €KOIOrii, 30Kpema, N5t OunLLEeHHst Boav. Bynn cTBopeHi opuriHanbHi ekcnepyMeHTarnbHi YCTaHOBKM Ta BKasaHa
MOXIMBICTb KEPYBaHHS! iOHI3aLiiHO | pEKOMBIHALLIMHOK HEPIBHOBAXHICTIO Na3Mu HECAMOCTINHUX PO3psigiB.
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Ha kadbenpi 6ynv npoBeaeHi TEOPETUYHI AOCMIAXEHHS 3B'A3KYy eNeMeHTapHNX Ta KONEKTUBHUX NPOLECIB Y HEPIBHOBAX-
Hin nnaami. Mpu ubomy Byna cTBOpeHa Teopid pekoMbiHaLii 3apAaAXeHNX YaCTUHOK 3 ypaxyBaHHAM BHECKY KONEKTUBHMUX
npoueciB, NPOBEAEHO aHarni3 reTeporeHHoI ioHi3aLUiiHOT penakcauii eNeKTPoHIB Ha NOBEPXHI AieNeKTPUKiB, OTPUMaHI il eHe-
preTuyHi Ta cnektpanbHi xapakrepuctukm (KO.A. KoraH, €.B. MapTtuw, 1978-1983).

Y nopanblLOMy po3BUBarach TEOpisl reTeporeHHol penakcavii 4BOaTOMHMX MOMEKyN NPy BUCOKOMY DIiBHi KONMBHOTO 30y-
[DXKEHHS Ta ii BNNvB Ha penakcauitio MonekynspHoi nnasmu (€.B. Maptuw, A.B. Hegocnacos, B.M. MankHes, C.M. JTiobka).

JocnigxeHHs 3 gi3nkuM NOBEPXHI Ta eMiCilHOI enekTpoHikn y 1960-x — 1990-x pokax. HaykoBsi gocnigXeHHs 3 di3nku no-
BEPXHi Ta eMiCiHOI enekTpoHikm Ha kadeapi B 1960-1970-Ti pokm npoBoaMnuca nig KepiBHULUTBOM npodecopis
M.T. HaxogkiHa, .A. Nikyca 1a O.0. NopogeubKkoro. Benukoro npakTU4HOro 3HadyeHHs Habynu posnouati we B 1963 p.
napanenbHi AOCMiAXEeHHA TEPMOENEKTPOHHOI Ta TePMOIOHHOI emicii kpeMHito (M.I". HaxogkiH, I'.O. 3ukos). Lli gocnimkeHHs,
BMKOHaHI y CNiBAPY>XHOCTI 3 IHCTUTYTOM hisukn HAH YkpaiHu, 403BONMAM BUSBMTY B KpUCTanax KPEMHIt0 BENNKi AOMILLKOBI
HaKOMUYEHHS MYXHUX MeTaniB, siki CyTTEBO BMNMBaKOTb Ha pPoOOTy HaMiBNPOBIOHWMKOBMX Npuragis. TUM camMyMM BUHWKNA
Ha[3BMYaANHO BaXknvBa Afsi Cy4acHOro HaniBnpoBigHWKOBOro npunagobyayBaHHS npobnema CTBOPEHHS KpucTaniB Kpem-
Hito, BINbHUX Big OOMILLOK NY>XXHUX MeTaniB..

Lnpoke BU3HAHHA odepxanu pesynbTaTi OOCHiOXeHHS npouecy B3aEeMOAiT eNeKTPOoHIB cepeaHix eHeprin i3 TBepanm
TiNoM, ki 4O3BONUNM BU3HAYUTM BaXKNMBI XapaKTEPUCTUKU KIHETUKW pyXy enekTpoHiB y Teepgomy Tini (M.I. HaxogkiH,
M.B. MenbHuk, .M. Koanb, KO.M. KpuHbko Ta iH.). Lli po6oTu cnpusanmn poskputTio MexaHiaMy emicii HoBoro knacy edektu-
BHMX eMITepiB i3 HEraTUBHOK CMOPIAHEHICTIO 3 eNeKTPOHOM i Bigirpanu NOMITHY porib Y PO3BUTKY €MEeKTPOHHOI CNEKTPOCKO-
nii TBepAoro Tina Ta CTBOPEHHI HOBUX i Pi3HOBUAIB.

Ha ocHoBi gocnigXeHHs MexaHi3amy B3aeMOZii enekTpoHIB 3 AienekTpyMkaMmu, BUKOHaHOro nif KepiBHULTBOM npod.
M.I". HaxogkiHa, 6ynu 3'dcoBani 0cobnumBOCTi npouecy hOpMyBaHHS NMPUXOBAHOMO €IIEKTPOCTATUYHOrO 300paXKeHHsT npu
TepmonnacTu4Homy 3anuci iHgopmadii. Lli poboTu npvBenn Oo CTBOPEHHS CUCTEM AN 3anucy ronorpaM y pearnbHOMY
mMacwTabi Yyacy B yciii BuamMMmii obnacti cnekrpa, Lo CNpuano CTBOPEHHIO LIBUAKOAIKOUYNX HaniBaHanoroBUx onToeneKTpoH-
HWUX NPUCTPOIB. 3a Ui Ta iHWi gocniaXeHHs, SKi 3aknany ¢isuyHi 0CHOBM 3anucy iHdopMauii y ha3oBUX TEPMONNACTUYHNX
cepepoBuwax, M.I". HaxogkiHy, M.I". KyBlumHcekomy, B.IM. Hemuesy, 1.4. MogyepHsiery B 1970 p. 6yna npucygxkeHa Odep-
XaBHa npewmia YPCP.

e B 1959 p. O.0. Nopogeupbkuin pasom i3 cnispobitHnkamm (O.M. KopHes, FO.IM. MenbHuk, B.K. Cknap, C.O. Lesnskos,
HO.I". Wyano, A.O. Acbko) po3novanu BUBYEHHS CTPYKTYpu aacopboBaHMX Ha NOBEepxHi TBEpAoro Tina nniBok MeToaom
andpakuii NoBiNbHMX €neKTPoHiB. 3a AOMOMOrow po3pobneHoro Ha kadeapi opuriHanbHOro npunagy 6yno npoBeaeHo
cMcTeMaTUYHe JOCHIMKEHHS PO3MillleHHs aacopboBaHMX aTOMIB Ha Pi3HUX FPaHsX MOHOKpPUCTaniB TyronnaBKMX MeTanis i
KpeMmHito. PesynbTati uux pobiT go3sonunu 3'ascyBaTu BNAMB Pi3HMX (DAKTOPIB HA CTPYKTYPY Ta €NEeKTPOHHI BMacTUBOCTI
MOHOaTOMHUX MNiBOK. ByB BCTaHOBNEHWI PEKOHCTPYKTUBHUIA XapakTep afacopbLii KucHo Ha Bonbdpami Ta peHii.

3a [ONOMOro BUCOKOBaKYYMHOI Mac-CNeKTPOMETPUYHOI METOAMKM Byno BMKOHAHO LUMPOKE KOMo AochigXeHb di3nku
okcuaHoro katogy (I.A. Mikyc, B.®. LUHokoB). Y noganswiomMy 6ynu 3'scoBaHi 3arasnbHi 3aKOHOMIPHOCTI KIHETUKM BUNApoBY-
BaHHS Kpuctanis xiMmiyHmx cnonyk y Bakyymi (I".A. Mikyc, .M. TanbHoBa). [JocnigxeHHs BUNapoByBaHHS iOHHUX KpWUCTanis
nokasanu BupillanbHy pornb eNeKTPOHHOI NiACUCTEMMN KpUcTana B NPOLECi MOro BUNapoByBaHHA Ta (DOPMyBaHHS MOBepX-
HEeBUX LUApIB i3 3a4aHUMM ENEeKTPOHHVMMUW BNacTMBOCTAMM 3a AOMOMOrOK BMNAMBY Ha €NEKTPOHHY MnigcucTemMy, 30Kpema,
LUMAXOM HarpiBaHHA, 30BHILLUHBOrO OMPOMIHIOBAHHSA abo HaknagaHHS 30BHILLUHBOrO eNEeKTPUYHOro Mors, WO BigKPUIIO HOBI
NnepcnekTMBn Ansi CTBOPEHHHA MIKPOENeKTPOHHUX MpUCTpoiB. Byno po3pobrneHo mMeTon BMIOTOBMEHHS TEPMOKaTOAIB Ha
OCHOBI MOJEKYNAPHO HaMUIEHMX MNMiBOK OKCWUAIB NY>XHO3EMENbHUX MeTarniB 3i 3Ha4yHMM cTpokoM cnyx6u (I.A. Mikyc,
B.l. Muxannoscekui, .M. TanbHoBa, B.I. TeTteps, B.®. LLHoKoB).

Ha ocHoBi y3aranbHeHHs AaHWX AOCHIMKEeHHS AMHAMIKM BUNApOBYBaHHA Ta 3MiHM CKnagy N eNneKkTPoHHMX BNnacTUBOCTEN
Kpuctanis 6iHapHUX HanNiBNPOBIAHMKOBUX CMOMYK NPW BUCOKOBaKyyMHOMY Bignani 6yno goBeaeHo, WO B OCHOBI NOPYLUEHHS
cTexiomeTpii NexnTb SBULLE eneKTPOHHOI camoperynsauii cTyneHs BiaxuneHHs Big ctexiomeTpii (.A. Mikyc, B.M.TeTeps,
.M. TanbHoBa, B.®. lHiokoB, M.€. Yarika). Po3pobneHo Teopito BMNapoByBaHHA i (hOpMyBaHHS cknagy GiHapHux Hanis-
NPOBIAHMKOBUX CNONyK 3 ioHHUM 3B'a3koM (I.A. Mikyc, .€. Yainka, B.®. LLIHoKoB).

Ha ocHoBi TBEpAMX PO34MHIB NY>KHO3EMENbHMX MeTariB Gyna po3pobrneHa HoBa TEXHONOriS BUrOTOBMEHHS BUCOKoede-
KTMBHOIO HMU3bKOTEMMEepaTypHOro TepmokaToa, emiciiHa 34aTHICTb sikoro B 3—5 pasiB nepesuLlyBana eeKkTUBHICTb TOro-
YacHUX BITYM3HSHUX Ta 3apybikHuMx aHanorie (I.A. Mikyc, B.®. WWHokos, B.l. Muxannoscekui, O.€. JywikiH, B.M. Tenera).
Bynu npoBefeHi KOMNMEKCHI JOCNIMKEHHS BNNMBY TEXHOMOMYHUX NapameTpiB MaTpullb MeTaneBomnopyBaTuX KatodiB Ha
IXHi i3nKO-XiMiYHi Ta eMicCiiiHi BNacTUBOCTI 3 METOK ONTUMI3aUil ekcnnyaTauiiHux XapakTepucTuk TepmoemiTepis. Ans
3'AcyBaHHA MexaHi3My eMicii meTaneBonopyBaTUX KaToAiB i3 AOMilLkaMu BUBYanaca B3aEMOAIA KOMMOHEHTIB aKTUBHOI
pPEeYoBUHN 3BMYAWHWX MeTanesonopyBaTux kaTtoaiB 3i ckaHgiem (B.®. WHiokos, .A. MNikyc, B.l. Muxannoscbkui,
O.€. NlywkiH, B.M. Tenera, I.1. bex).

3 npuxogom Ha kadbenpy B 1999 p. npodp. B.B. InbyeHka B HayKoBili TemaTuui kadheapu 3'9BUINUCSA HOBI HANpsIMu:

— JocnigpKeHHs isnyHMX BNacTUBOCTEN reTepodasHnX CEHCOPHUX CUCTEM,;

— gocnimpkeHHs agcopbuiiHux Ta gecopbuiiHux sBuLy y reTepodasHNX CEHCOPHUX CTPYKTypax Ta OOCHIOKEHHS MOXIN-
BOCTi BUKOPUCTAHHSI CEHCOPHUX CUCTEM AMs AiarHOCTUKMN XBOPOO MNIOAMHM 3a NPOAYKTaMMW ONXAHHS.

CyuvacHi gocnigxeHHs B ranysi nnasMoBOi enekTpoHikn. [locnigkeHHs Takux siBUWLL, po3noyati CBOro Yacy Ha kadeapi
C.M. JleBnTCbKkMM 3i cniBpobiTHMKaMK, TpMBaKTb yXe noHas TpuausTe pokis. Cepen oCcTaHHIX pesynbTaTiB AOChiOXeHb Y
LbOMY HanpsiMi MOXHa Ha3BaTu BMBYEHHSA NEPEXifAHOro BMMPOMIHIOBAHHSA €MEKTPOHHMX Ny4KiB B YMOBAaxX aKTUBHUX eKcne-
puMeHTiB y ioHocdepi Ta kocmoci (C.M. Jleutcbkni, 1.0O. AnicimoB, O.l. KenbHuk Ta iH.). BuaBneHo edekT nepeHeceHHs
€neKTPOMarHiTHUX XBUIb Yepes Liapy LWiNbHOI NasMu 3a JONMOMOIroH eNeKTPOHHUX MyUYKiB, LLO TaKOX 3aCHOBaHWI Ha ne-
pexigHOMy BUMpPOMiHIOBaHHI (edpekT 6yB TeopeTnyHo nepenbayenuin C.M. NleButcebkmum Ta I.O. AHiciMoBUM, a MisHille BUSB-
neHui i geTanbHO BMBYeHWI B ekcnepumeHTax J1.l. PomaHioka 3i cniBpobitHukamu (IA0 HAH Ykpainu) Ta 3a gonomoroto
komm'toTepHoro moaentoBaHHs (1.0. Anicimog, 1.10. Kotnsipos, I.B. NisyHos, M.JA. KisiHuyk (Conosiiosa)).

3anponoHOBaHO TakoX MeToA AiarHOCTUKM HEOOHOPIAHMX NNasMOBUX YTBOPEHb 3a NepexiAHUM BUMPOMIHIOBaHHAM KO-
poTkux enektpoHHux 3ryctkiB (1.O. AHicimoB, K.l Jliobu4) Ta 3a gonomMorow MeToAiB HaALUIMPOKOCMYroBOi pagionokadii
(C.M. IeBuTChbKNIA)
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OcTaHHiM 4acom pO3BMBAETLCA KOMM'IOTEPHE MOAESIIOBAHHA OAHOPIAHMX Ta HEOAHOPIOHMX MIa3MOBO-MYy4YKOBMX CUCTEM
(C.M. Nesutcbkun, 1.0. Anicimos, T.B. CiBepcbkuin, O.l. KenbHuk, C.B. Copoka, T.€. JlitoweHko, M.N. ConosiioBa,
KO.M. TonoukeBny). [leTanbHO BMBYEHO AMHAMIKy HEOOHOPIAHOI nNna3mm B o6nacTi NokanbHOro Mra3mMoBOro pe3oHaHcy,
30yaKyBaHin MOOYNMbOBaHWM €NEeKTPOHHUM My4ykoM abo BMCOKOYACTOTHUM €MNEeKTPUYHMM TOofieM HakavyyBaHHSA
(1.O. Anicimos, T.B.Cieepcbkuia, O.1. KenbHuk, C.B. Copoka, T.€. JliToweHko)

BrBYeHO guHamiky nonepeyHo obMeXeHNX MOOYNbOBaHNX €NEeKTPOHHMX NMy4YKiB B OAHOPIAHIA Ta HEOAHOPIAHIM Nna3mi
(1.0. Anicimos, T.€. llitoweHko, M./. ConositoBa) [ocnimxyloTbCsl KiHETUUHI edeKTu, Lo CynpOBOAXYIOTb MasMOBO-
Ny4ykoBY B3a€EMOLi0 — pO3irpiB nra3my B obnacTi nokanbHOro nrnasmMoBOro pe3oHaHcy npu ii 30ymxeHHi MoaynboBaHUM
€MeKTPOHHUM My4KOM, YTBOPEHHS MOTOKIB YaCTUHOK Y (POHOBIV Nna3Mi B npoueci po3BUTKY MNNa3MoBO-My4KOBOI HECTINKOCTI
(1.O. AHicimoB, C.M. JleButcbkuin, .M. TaHuriHa). 3a AONOMOrow KOMM'IOTEPHOrO MOAENOBAHHSA OOCNIMKEHO 30YmKEHHSA
KiNbBaTEPHUX XBWMb Y NNasMi €NeKTPOHHUMK 3rycTKamu, y TOMY YMCIi, 33 HasfBHOCTI MO3[0BXHbOIO MarHiTHOro nons
(1.O. AnHicimos, T.€. JliToweHko, KO.M. Tonoukesund, M.A. LLlepGiHiH).

CyuacHi gocnigXeHHst 3anopolleHoi nnasmu. [JocnigKeHHs 3anopoLleHoi Mra3My NPOBOAATLCA B paMKax HaykoBO-
[OCNIAHOrO CeKTopy Teopii Ta MOAEntoBaHHA NNasMoBMX MPOLECIB Y TICHIN cnienpaui 3 IHCTUTYTOM TEOPEeTUYHOI (i3nKu
iMm. M.M. Borontobosa (akag. HAH Ykpainm A.I'. 3aropogHin). Psig pobiT 6yno npoBegeHO 3 METOK BMBYEHHS CTPYKTYpU
NPUenekTpooHMX LWapiB Yy 3anopolueHin HepisHoBaxHin nnasmi (KO.l. Yytos, O.FO. KpaBuenko, P.[. CmupHOB,
B.C. AkoBeLbkuit), OOCNIAKEHHST BMMWBY MUIMOBUX YaCTMHOK Ha BracTMBOCTI papiodacToTHux po3psais (HO.l. Yytos,
O.10. KpaBueHko, T.€. JlucutyeHko, B.M. 3t03b), gocnimxkeHHs amHamikm nunosumx 3ryctkie (O.H0. KpaByeHko, M.M. FOpuyk,
I.C. Mapywak) Ta cTpykTypu nnasmoo-nunosux kpuctanis (KO.1. Yytos, O.HO. KpasueHko, P.[1. CMupHOB).

OcTaHHIMM pokamMKn BMKOHaAHO psif PobiT 3 AOCNIMKEHHS AMHAMIKM MUITOBOrO KOMMOHEHTA B PagioyacTOTHUX po3psigax
HW3bKOro TUCKY, Y pe3ynbTaTi akux 6yno nokasaHo MOXNMBICTb YTBOPEHHS LUapyBaToi CTPYKTYpU po3psiay Ta 3anporoHo-
BaHUW isnyHni mexaHiam i dpopmyBaHHa (O.HO. Kpasuenko, A.B. BakyneHko, tO.A. Actpy6, I'.l. lleBaga). MNposeaeHo
MOZEMOBaHHS PiI3HOMAHITHUX AUCUMATUBHUX CTPYKTYP Y 3aMOpOLLEHIl Nia3mi, BKIYayy nnasMmy pagiodacToTHUX po3psi-
4iB Ta NpUCTIHKOBI 0bnacTi TepMOsiAepHUX peakTopiB, @ TaKOX AOCHIIXEHO BMNMMB Ha Li CTPYKTYpW MarHiTHOro nons
(O.1O. KpaBueHko, T.€. Jlucutyenko, KO.A. Actpyb, |.C. MapyLiak).

3a JonoMoro MeToAy MOMEeKynsapHOi AUHaMIKM MPOBEAEHO MOAENOBAHHSA 3apAAKeHHS Ta eKpaHyBaHHS NMUIOBUX Yac-
TWMHOK Y HEPIBHOBAaXHI NNa3mi 3a HasiBHOCTi iIOHHOIO NMOTOKY Ta MarHiTHoro nons. [JocnigXeHo 3anexHiCTb cunmu B3aemogii
MiX NWAMHKamMK, 3yMOBMEHy eqeKTOM eKpaHyBaHHS, Bif, TWCKY HEWTParnbHOro rady Ta BENUYMHW MarHiTHOro nons
(O.1O. KpasueHko, A.B. BakyneHko, T.E. lNlucutyenko, I".O. MNaspuLu).

CyvacHi gocnigxeHHs 3 nnasmoximii. Y poboTtax npod. B.A. YepHsika 3i cniBpobiTHMKaMu Ta acnipaHTamu
(I.11. Babwuy, HO.M. Bepewmin, B.A. 3paxescbkunn, C.B. OnbweBcekuin, |.B. MpucsxHesud, B.B. KOxumeHko, O.A. Heau-
6antok, C.M. Cngopyk Ta iH.) 6yno BnepLue:

— JOCTNIKEHO BMIMB PO3YMHEHOTO Yy BOAiI NOBITPSA Ha (hi3nKo-XiMiYHi BNAacTMBOCTI BOAM Nicns nna3moBoi o6pobku, y pe-
3ynbTaTi YOro BMUsIBNIEHa MOXIMBICTb NMPOSIBY HE TiflbKM BiOMOro "KMCNOTHOrO ecdekTy" nnasmMoBoi 0Opobku Boamn (3mMeH-
LEeHHA nokasHuka pH nicna obpobku Boau B Nna3MoBO-PiaNHHIN cucTeMi), ane n "nyxHoro edekTy" Takoi 06pobku, To6TO
36inbLIeHHst nokasHuka pH nicna 06pobkun nonepeaHLO Aera3oBaHoi BOAM Y NNa3mMoBO-PiAUHHIN CUCTEMI;

— BUABMNEHO edekT nam'aTi Boaum Wwoao ii 06pobku B NNasmMoBO-piavHHIA CUCTEMI, SIKMIA MOXE NPUBOAUTU NPOTATrOM Ae-
KinbKox i6 3anexHo Big ymoB 06pobky abo 40 NPOAOBXKEHHST AECTPYKLiT BUXiOHMX opraHiyHux 3abpyaHioBadis, abo x Ha-
BMaku, 0O X YaCTKOBOro BiAHOBJIEHHS;

— nokasaHo icHyBaHHS1 GakTepiocTaTMyHOro edpekTy npu crepunisadii BoaM y nnasmoBO-pigUHHUX CUCTEMAaX Ha OCHOBI
BTOPVHHOIO po3psaay;

— NpOBeAEeHO AOCNIMKEHHA edDEeKTUBHOCTI OECTPYKLii OpraHiyHMX PeyYoBUH Y BOAI 3amneXHO Bif iXHbOi MOYaTKOBOI KOH-
LeHTpaLii, ki nokasanu NepcrneKkTUBHICTb BUKOPUCTAHHS NNa3mMOBO-PIAUHHUX CUCTEM Ha OCHOBI BTOPMHHWX pPO3psAdiB And
3HELLKOAYKEHHSI TOKCUYHUX BiAXOAiB;

— BUSIBMIEHO YMOBMU 5K €hEKTMBHOIO BUCAXKEHHS! IOHIB BaXXKMX METanIB i3 BOASIHUX PO34MHIB, TaK i pO3YMHEHHS criabko
PO34YMHHMX METariB y BOASHUX PO34YMHAX.

— po3pobneHo psa cucTeM Ans ePEKTUBHOINO CTUMYIOBAHHSA NasMolo NPOLECiB cnaneHHs Ta peopmyBaHHSA Byrne-
BO[HIB Yy CMHTE3-ras.

Cyu4acHi gocnigpkeHHs TepMidHOI nnasmu ayroBoro po3psiay. Haykosoto rpynoto npod. A.M. Beknunya — kang. gis.-mar.
Hayk |.J1. Babiy, gou. B.®. bopeubkuia, ix. B.€. Ocigay, kaHg. ¢is.-maT. Hayk A.B. Jlebigb, ac. C.O. ®eceHko Ta iH. BUKO-
HYIOTbCSl KOMMNINEKCHI CNEKTPOCKONIYHI Ta MeTanorpadiyHi JOCniAXeHHs nnasmy enekTpoayroBoro po3psay MK enekTpo-
AaMu 3 KOMMO3UTHMX MaTepianie. Cepea HaykoBMX 3000yTKiB rpynu HeOOXigHO BUAINWUTU Taki:

— peaniszoBaHa CNeKTpoCKomniYHa MeToauKa OiarHOCTMKKN KBasicTauioHapHOI Nna3mu i3 3acTocyBaHHSAM npunaais i3 3aps-
OOBUM 3B'SI3KOM;

— BUKOHaHi KOMMIEKCHI JOCNIMKEHHSA NNasMun eneKkTpoayroBoro po3psay Mk enekTpofamu 3 KOMMO3UTHUX MaTepianis
Ha ocHoBi migi (Cu-W, Cu-Mo, Cu-Mo-LaB6) i cpiona (Ag-Ni, Ag-C, Ag-CdO). BctaHoBneHUn B3aEMO3B'A30K NapameTpiB
AocnigxXysaHoi nna3mu (TemnepaTtypu Ta enekTpoHHOI KOHLEHTpaLii) 3i cTaHOM poB0o40ro Lwapy Ha NoOBEpXHi eNneKkTpoais;

— po3pobreHa cnekTpockomniyHa MeToauka BU3Ha4YeHHS BMICTY JOMILLOK MeTaniB y nnasMi enekTpuyHOI Ayru, WO roputb
y NOBITPi Mi>k 6araToKOMMNOHEHTHNMM eNeKTpoaaMY;

— BUKOHaHi OOChiAXeHHS nna3mMu enekTpoayroBoro pospsgy, Wwo roputb y notoui CO2 MK MigHUMKW enekTpogamu.
BcTaHoBneHWin B3aEMO3B'sI30K CTaHy 4OCNiAKyBaHOI Nna3mm 3 TenNogisnyHNMM xapakTepuctTmkamm poboyoro rasy.

CyuacHi pocnigKeHHs 3 eMiCilHOT enekTpoHikn. OCHOBHMMMW HanpsMKamu eMmiciiHnx gocnigxeHs (npod. B.B. InbyeHko,
oou. L.1. Bex ta gou. O.€. lywkiH) €:

— BMBYEHHS MOTYXXHUX TEPMOEMITEPIB ENEKTPOHIB;

— aHani3 NpoLeciB y eNeKTPOHHMX aBToeMiTepax, SKi € OCHOBOK Cy4acCHOI BaKyyMHOI MiKpOENEKTPOHIKM;

— JOCNIMKEHHS BNNMBY 30BHILLHIX (haKTOPIB Ha Cknaj MOBEPXHi Ta MPOAYKTU BUNAPOBYBaHHS GaraTOKOMMOHEHTHUX
CMOnyK 3 pi3HUM CTYMNeHeM iOHHOCTI.

Cyu4acHi gocnigxeHHst 3 disnkn HaHoreTepodasHnx CTpykTyp. Ha kadenpi npoBogaTbcs poboTu, cnpsiMoBaHi Ha
iHTerpauito HaHOPO3MIpPHMUX CUCTEM Y MIKPOENEKTPOHHY TEXHOMOrilo 3 MEeTOK CTBOPEHHsS rasoBux Ta bioceHcopis
(npodp. B.B. InbyeHko, gou. l.I. bex, gou. O.€. NywkiH, ac. A.M. lNopsuko, 3aB. HOJ1, cT. Hayk. cniBpo6. B.M. Tenera,
cT. Hayk. cniBpo6. O.l. KpaBueHko Ta iH.). MpoBeaeHi poboTn nokasanu, O Ha OCHOBi FeTEPOCTPYKTYP HAHOPO3MipHUNA
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aacopbuiiHo akTMBHWUIA Lap — KPeMHi MOXyTb ByTn CTBOPEeHi HeniHiliHi enemeHTH ra3oBux Ta BGioceHcopiB HOBOTO MOKO-
niHHA. Y poni agcopOuiiHO-aKTUBHMX LUApiB BUKOPUCTOBYOTLCS HAHOCTPYKTYPOBaHi okcuau MeTaniB. BusiBneHi B Hux ege-
KT, WO 3yMOBIIEHI HAHOPO3MIPHICTIO cUCTeMU, A03BONUNM nobyayBaTv anroputMu aHarmidy 3miHW iX eneKkTpodis3nyHuX
napamMmeTpiB Npu 3MiHi HABKONMLLHBOIO ra3oBoro Ta GionoridyHoro cepenosuy. Cnucrema napameTpiB, sika BU3HAYa€e HENiHin-
Hi BNACTUBOCTI TAKOI reTEPOCTPYKTYPU, MOXXe ByTW LIINIKOM BU3HAYEHA 3 eNEKTPUYHNX BUMIPIOBaHb.

Kacbeppa cdbismuHoi enekTpoHiku 2016 p.
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Kadegpa nuwaeTtbesa TmMm, WO ii cniBpobiTHUKK ABivi Bia3HadveHi npemieto HAH Ykpainu im. H.[. Moprynica:

2011 p. — 1.0. AnicimoB Ta B.B. InbyeHko cninbHo 3 O.I. ®epopycom (I1® HAH YkpaiHu) 3a poboTn 3 reHepyBaHHS
Ta OMHAaMIKM eNEKTPOHHMX NyYKiB Y Nnasmi;

2017 p. — B.A. YepHsk cninbHo 3 O.A. NoHuyaposum (1P HAH Ykpainn) Ta B.A. XKosTaHcbkum (I HAH Ykpainu) 3a cTBo-
PEHHS HOBUX NNa3MOBUX NPUCTPOIB Arsl HAyKOBUX OOCTiAXEHb Ta TEXHIYHMX 3aCTOCYBaHb.

I. Anicimos, 0-p ¢hi3.-mam. HayK,

A. Beknud, 0-p ¢his.-mam. Hayk,
KagheOpa hi3uyHOI erieKmpoHiKu,
akynbmem padioghiauku, esieKmpoHiKu
ma KoMmmn'tomepHUX cucmem,

Kuiscbkul HayioHanbHUl yHisepcumem
imeHi Tapaca LllesyeHka
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