155
EAsT EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 2. 155-160 (2021) DOI:10.26565/2312-4334-2021-2-13

PACS: 51.50.+v, 52.80.-s

INFLUENCE OF ELECTRON INJECTION ON THE CHARACTERISTICS
OF A HOLLOW CATHODE GLOW DISCHARGE

Stanislav V. Pogorelov?®, ““'Volodymyr A. Timaniuk®*

Nikolay G. Kokodii*?, ““Thor V. Krasovskyi?

“National University of Pharmacy, Kharkiv, Ukraine
bY.N. Karazin Kharkiv National University, Kharkiv, Ukraine
*Corresponding Author: vladimir.timaniuk@gmail.com, tel.: +38 095 505 39 19
Received January 18, 2021; revised March 31, 2021; accepted April 7, 2021

The article presents the results of experimental studies of a glow discharge with a hollow cathode in helium and argon gases using an
auxiliary discharge as an electron emitter. The authors proposed to make the electrode common for both discharges in the form of a
cylindrical metal mesh. The advantage of this design is explained as follows. The connection between the discharges is carried out
through holes in the grid with a geometric transparency of 0.2, which makes it possible not only to smoothly control the glow discharge
current, but also to enhance the discharge current. Plasma is known to be one of the most efficient electron emitters; however, its use
as a cathode in devices with a glow discharge at low gas pressures is complicated by the fact that a grid with small holes is required to
separate the electron flow from the plasma, and it is impractical to use such a system in view of low mechanical strength of the grid
Since the hollow cathode works effectively at low gas pressures, the release of an electron flux from the plasma of some auxiliary
discharge is possible with much larger holes in the grid separating the plasma and the hollow cathode cavity. In this case, the grid can
be made such that it can withstand sufficiently high thermal loads and can operate in typical discharge modes with a hollow cathode.
The injection of electrons into the cathode cavity of the glow discharge changes the radial distribution of the glow intensity, the width
of the cathode dark space, and other parameters of the plasma in the cathode cavity. The influence of electrons penetrating from the
auxiliary discharge into the cathode cavity of the main discharge becomes significant when the current of these electrons is comparable
to or exceeds the current of electrons leaving the grid cathode surface as a result of y-processes. In parallel with the measurement of
the optical and electrical characteristics of the hollow cathode glow discharge plasma, measurements of the electron concentration were
carried out by the microwave sounding method. The entire current of the auxiliary discharge penetrates into the cavity of the main
discharge; however, after acceleration in the cathode dark space, the electrons penetrating from the auxiliary discharge ionize gas atoms
and noticeably increase the current of the main discharge. Additional ions formed due to the ionization of the gas by the injected
electrons knock out new electrons from the cathode surface, which makes it possible to increase the discharge current.
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The cathode material and conditions on its surface determine the cathode potential drop and, consequently, the
discharge burning voltage [1]. The cathode potential drop is substantially determined by the efficiency of the processes
of electron emission from the cathode, the totality of which is called y-processes. The y coefficient numerically determines
the efficiency of y-processes and depends on the cathode material and the state of its surface [2].

In many cases of using the glow discharge the aim is to reduce the cathode potential drop. This is achieved by using
more efficient elements as the cathode. It is known that plasma is one of the most efficient emitters of electrons; however,
its use as a cathode in devices with a glow discharge at pressures below 1 torr is hampered by the fact that a very fine grid is
required to separate the electron flow from the plasma, and such system is impractical due to the low mechanical strength of
the grid [3], [8]. Since, as follows from our experimental data, the hollow cathode works effectively at low (less than 5.0 Torr)
gas pressures, the extraction of an electron flux from the plasma of some auxiliary discharge is possible with much larger
holes in the grid separating the plasma and the cathode cavity of the hollow cathode. In this case, the grid can be made such
that it can withstand sufficiently high thermal loads and can operate in typical hollow cathode discharge modes.

GOALS OF ARTICLE

The discharge tube (Fig. 1), which implements the idea of a plasma hollow cathode, includes a cylindrical hollow
cathode (1) with a diameter of 30 mm and a length of 100 mm. The geometric transparency of the grid cathode is 0.2, the
hole diameter is chosen so that it is less than the width of the cathode dark space in the region of optimal pressures for
the cathode of a given diameter. The anodes (2) of a hollow cathode discharge, which will be called the main discharge,
are two annular electrodes located coaxially with the cathode at a distance of 10 mm.

An auxiliary discharge is ignited between a cylindrical copper cathode (3) with a diameter of 90 mm and a grid
cylinder (1), which plays the role of an anode in this discharge. Flat disks (4) made of insulating material shield the
auxiliary discharge area from the main discharge anode in such a way that the connection between the discharges is carried
out only through the holes in the grid. Even if there is no electric field in the cathode cavity of the main discharge, electrons
from the anode region of the auxiliary discharge will penetrate through the holes into the grid cylinder cavity. Essentially,
part of the metal surface of the hollow cathode in this design is replaced by the plasma generated in the auxiliary discharge.
At a sufficiently high current of injected electrons, the main hollow cathode discharge should be considered as a non-self-
sustained discharge.
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Figure 1. Construction of the discharge tube with a plasma hollow cathode: 1 - cathode of the main discharge, anode of the
auxiliary discharge (grid); 2 - main discharge anodes; 3 - auxiliary discharge cathode; 4 - shielding discs.

MATERIALS AND METHODS

When the auxiliary discharge is ignited, electrons will be injected into the cathode cavity of the main discharge,
which, passing through the holes in the grid cylinder, in the cathode plane of the main discharge will have thermal
velocities, i.e., they are equivalent to secondary electrons knocked out of the metal by positive ions, light quanta and
metastable atoms. In the cathode dark space of the hollow cathode, the injected electrons will be accelerated and create
additional ionization in the cathode cavity, increasing the hollow cathode discharge current. Since the number of injected
electrons depends on the auxiliary discharge current, it becomes possible to smoothly control the discharge current with
a hollow cathode.

The characteristics of a discharge with a hollow cathode in the form of a grid cylinder do not qualitatively differ
from the characteristics of a discharge with a solid cathode. The difference from a solid cathode is that the current-voltage
characteristic of the discharge is steeper. This is apparently due to the losses through the holes of the grid of metastable
atoms and photons regenerated in the negative glow.

As we can see from our experiments in helium (pressure range 0.2 - 10 Torr) and argon (pressure range 0.06 - 6 Torr)
gases, the form of the dependence of the burning voltage on the pressure in the main hollow cathode discharge is
determined by the motion of charged particles in the cathode cavity. A shift of the boundaries of the region of optimal
pressures towards lower values is observed with an increase in the atomic mass of the gas and is due to the fact that the
mean free path of electrons increases with a decrease in the atomic mass of the gas.

When the auxiliary discharge is switched on, electrons from the auxiliary discharge enter the cathode cavity through
the holes in the grid. This leads to an increase in the main discharge current or, if the current is kept constant, to a decrease
in the burning voltage of the main discharge. With an increase in the auxiliary discharge current, the burning voltage of
the main discharge decreases, and the auxiliary discharge exerts its greatest influence in the region of optimal pressures
for a hollow cathode discharge.

At high currents of the auxiliary discharge, a section where the combustion voltage of the main discharge is almost
independent of the gas pressure appears on the curves. In this mode, the discharge with a hollow cathode becomes non-
self-sustaining, the burning voltage of the discharge is substantially determined by the anodic potential drop.

RESULTS

The main discharge burning voltage reduction mechanism can be represented as follows (Fig. 2). Electrons injected
from the auxiliary discharge into the cathode cavity enter the cathode dark space and decrease the positive ions space
charge at the cathode. A decrease in the cathode potential drop and the number of ionizations performed by electrons in
the cathode cavity is compensated by an increase in the effective value of the secondary emission coefficient vy.

With a decrease in the cathodic potential drop of the main discharge, the efficiency of gas ionization by additional
electrons coming from the auxiliary discharge decreases. The analysis of the current—voltage characteristics of the
simultaneously switched on main and auxiliary discharges shows that the degree of influence of the auxiliary discharge
on the main one strongly depends on the main discharge current and increases with decreasing a hollow cathode discharge
current (Fig. 3). Apparently, the influence of electrons penetrating from the auxiliary discharge into the cathode cavity of
the main discharge becomes significant when the current of these electrons is comparable to or exceeds the current of
electrons leaving the grid cathode surface as a result of y-processes.

An analysis of the dependences of the main discharge current on the auxiliary discharge current for fixed voltages at
the main discharge electrodes shows that the main discharge current increases, and more than the auxiliary discharge
current increases (Fig. 4). Naturally, the entire current of the auxiliary discharge penetrates into the cavity of the main
discharge; however, after acceleration in the cathode dark space, the electrons penetrated from the auxiliary discharge
ionize the gas atoms and noticeably increase the current of the main discharge. Thus, in addition to controlling the main
discharge current, current amplification is possible.
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Figure 4. Dependences of the main discharge current on the auxiliary discharge current at a pressure of 0.2 Torr.
a) He, 1 — Unain=125V, 2 — Unain=100 V; ©) Unain=125V, 1 — He, 2 — Ar.

The first ionization potential of a helium atom is approximately 1.6 times greater than the ionization potential of, for
example, argon atoms, and one might assume that the gain should decrease with decreasing atomic mass of the gas.
However, the number of electrons knocked out due to the bombardment of the grid cathode surface by ions will be higher
in helium, since the secondary emission coefficient in this case for helium is about 2.4 times higher than for argon.
Consequently, the injection of additional electrons into the cathode cavity is most effective in a helium discharge.

Due to the penetration of ions from the cathode cavity of a hollow cathode discharge into the region of the auxiliary
discharge, there is also a reverse effect of the main discharge on the auxiliary one. An auxiliary discharge is fired up
between a coaxially located cylindrical cathode and an anode; therefore, there are no electron oscillations in the discharge
gap and the discharge characteristics are practically the same as for a linear one. When the main discharge is ignited,
some of moving towards the grid cathode ions penetrate through the holes into the auxiliary discharge space. Reaching
the cathode of the auxiliary discharge, these ions cause the emission of secondary electrons, as a result of which the
burning voltage of the auxiliary discharge also decreases.

The probability of additional ions reaching the auxiliary discharge cathode increases with decreasing gas pressure;
therefore, at low gas pressures, the effect of the main discharge on the auxiliary discharge increases. In this case, main
discharge ion current can be so significant that the burning voltage of the auxiliary discharge can become equal to zero,
and even reverse its sign at high currents of the main discharge. The increase in the effect of the main discharge on the
auxiliary discharge at high gas pressures can apparently be explained by an increase in the probability of recombination,
as a result of which ultraviolet radiation quanta penetrating through the holes in the grid appear and produce additional
ionization in the auxiliary discharge region, which leads to a decrease in the burning voltage of the auxiliary discharge.
Effect of the main discharge on the auxiliary one is much stronger at low currents of the auxiliary discharge.

The injection of electrons into the cathode cavity of a hollow cathode discharge changes the intensity and radial
distribution of the glow, the width of the cathode dark space, and other parameters of the plasma in the cathode cavity.
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Visual observations of the discharge glow in a plasma hollow cathode show that at a pressure corresponding to the
upper boundary of the region of optimal pressures, the glow, which at higher pressures has a ring shape, fills the axial
region of the cathode cavity. This fact once again confirms that the manifestation of the effect of the hollow cathode
consists in the interaction of the opposite sections of the cathode.

Using a photomultiplier tube, which, movable along the end of the discharge tube together with a system of
collimating diaphragms, integral distributions of the glow intensity over the cathode diameter were obtained (Fig. 5).
With an increase in the auxiliary discharge current, the diameter of the glowing region of negative luminescence increases,
and the width of the region of the cathode dark space decreases, due to an increase in the current of electrons injected
from the auxiliary discharge.

One of the features of a hollow cathode discharge is the anomalously low value of the width of the cathode dark space
and its weak dependence on the gas pressure [4], [9]. The width of the region of the cathode dark space in the plasma
hollow cathode was measured using the curves of the radial distribution of the glow intensity. In parallel with these
measurements, the discharge glow from the cathode end were photographed. It should be noted that the results obtained
using both methods of measuring the width of the region of the cathode dark space are in good agreement.

With increasing pressure, the width of the region of the cathode dark space decreases, and in the region of optimal
pressures it practically does not change. The width of the region of the cathode dark space depends on the value of the
cathode potential drop and on the space charge density of positive ions in the cathode dark space, and these values in a
hollow cathode discharge depend on the gas pressure nonmonotonically. An increase in the auxiliary discharge current
leads to a noticeable decrease in the cathode space, which is caused by a decrease in the space charge density due to the
entry of electrons from the auxiliary discharge into the cathode dark space (Fig. 6). With decreasing pressure, the effect
of the auxiliary discharge current on the cathode space increases, which can probably be explained by the fact that an
increasing fraction of electrons, penetrating from the auxiliary discharge and accelerated in the cathode dark space, begins
to leave the cathode cavity without spending all their energy on ionization of gas atoms; in addition, the ionization
efficiency near the ends of the cathode decreases.
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Figure 5. Normalized radial distributions of the main discharge  Figure 6. Dependences of the width of the region of the cathode
glow intensity in helium (P=0.2 Torr., Inain=30 mA). dark space on the auxiliary discharge current in helium.
1 —qux:0 mA, 2— [aux:]0 mA, 3- [aux:20 mA. Imain:30 mA, 1-P=0.2 TOIT., 2-P=03 TOIT., 3 —P=0.6 Torr.

In parallel with the measurement of the electrical and optical characteristics of the plasma hollow cathode, the
electron concentration in the cathode cavity was measured by microwave probing using wavelength of 3.1 cm. It turned
out that at a constant current of the main discharge, the electron concentration in the cathode cavity is almost independent
of the auxiliary discharge current. A slight increase indicates a decrease in the axial electric field in the cathode cavity.

It is of interest to estimate the magnitude of the current of electrons injected from the auxiliary discharge into the
main discharge cathode cavity. For this purpose, a metal cylinder with a length equal to the cathode length was introduced
coaxially into the cavity of the hollow cathode, which was used to simulate the negative glow region. The dependence of
the cylinder current on the cylinder-cathode voltage was obtained for various helium pressures at a fixed auxiliary
discharge current (Fig. 7). The linear logarithmic dependence of the current in the deceleration mode indicates the
Maxwellian distribution of the velocities of the electrons entering the cathode cavity from the auxiliary discharge. The
temperature of these electrons in the investigated range is 5-7 eV. The total current of electrons injected into the cathode
cavity can be determined from the inflection point of the curves and, for example, for a pressure of 0.3 Torr, it is about 4
mA. With increasing pressure, the magnitude of this current decreases. A comparison of these results with the dependence
of the main discharge current on the auxiliary current shows that the amplification of injected electrons in the cylindrical
cathode cavity occurs by about an order of magnitude.
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Attempts to smoothly control the discharge current of a
L ma low disch ing additional electrons, in particul
) glow discharge using additional electrons, in particular, a
grid placed in the discharge space, have been undertaken for
-1 a long time, but they were unsuccessful due to screening of
the grid field after the discharge was ignited [5]. To prevent
the grid from losing its control action after the discharge
ignition, it is necessary to place it in the region of a unipolar
space charge, as is done, for example, in electron guns with
a high-voltage discharge in a cold hollow cathode [6]. In a
glow discharge, the grid could continuously control the
discharge current if it was placed in the region of the cathode
dark space; however, the width of this region is small and
A changes sharply with changes in both the gas pressure and
the discharge current; therefore, the operation of such devices
will be unstable.

The task of controlling the discharge current when
Figure 7. Dependences of the cylinder (D=26mm) currenton ~ USing a hollow cathode is simplified because a hollow
the cylinder-cathode voltage in helium at Zux=10 mA. cathode device can operate at a lower gas pressure than a flat
1 —P=0.3 Torr., 2—P=0.5 Torr., 3—P=0.8 Torr. cathode device. In this case, the width of the cathode dark

space is quite large and weakly depends on the gas pressure,
in the region of optimal pressures. The injection of electrons from the auxiliary discharge into the cathode cavity leads to
a decrease in the cathode potential drop or, if this value is kept constant, to an increase in the current in a hollow cathode
discharge.
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DISCUSSIONS

In addition to controlling the main discharge current over a wide range, current amplification is also possible when
electrons are injected into a hollow cathode glow discharge. After igniting the discharge, electrons from the anode region
of the auxiliary discharge penetrate through the holes in the grid into the cathode cavity of a hollow cathode discharge
and, having accelerated in the cathode dark space, ionize gas atoms along with electrons escaping from the cathode as a
result of y-processes [7]. Formed due to the ionization of the gas by the injected electrons additional ions knock out new
electrons from the cathode, which results in amplification of current of electrons flowing into the cathode cavity.

Let us write down the boundary conditions on the inner surface of the grid cathode with the auxiliary discharge
turned off:

Jo = Jeo + (1 — @)jio, (1

where j, is the current density of the main discharge; j,, and j;, are the densities of electron and ion currents at the
cathode; a is transparency of the grid cathode. The electron and ion currents at the cathode are related by the secondary
emission coefficient y:

Jeo = Viios (2)

then one can write:

1-— a) 3)
14
When the auxiliary discharge is turned on, an additional electronic current will come out of the cathode, which we

will take proportional to the current of the auxiliary discharge j,,,, then the current of the main discharge with the
auxiliary discharge turned on is:

Jo = Jeo <1 +

Jo = (eo + *jaux) (1 + 1—706) = Jo t Mjaux (1 + 1—711)) “4)

where » is the factor showing what part of the auxiliary discharge current penetrates into the grid cavity.
The current gain is determined from the expression:

ki = - =u(1+1;“). 5)

The dependence of the current gain on the discharge mode is mainly contained in the factor », the value of which is
difficult to calculate, since it depends on the conditions both in the auxiliary discharge and in the main discharge cathode
region. Measurement of the plasma concentration in the auxiliary discharge shows that a negative anodic potential drop
should be observed in it. With an increase in the main discharge current, the field that draws electrons from the auxiliary
discharge anode region increases, so the gain increases. Thus, the injection of electrons from the auxiliary discharge into
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the cathode cavity makes it possible to smoothly control the current of a hollow cathode glow discharge, and it is possible
to amplify the current of injected electrons. The selection of the physical conditions of the discharge (configuration and
dimensions of the electrodes, the material of the cathode and the type of gas), possibly, will make it possible to optimize
the parameters of the device so that it can find practical application due to the advantages inherent in gas-discharge devices
with a cold cathode.

CONCLUSIONS

1. The possibility of a significant (3-5 times) reduction in the cathode potential drop of a hollow cathode discharge
due to the injection of electrons from an auxiliary discharge into the cathode cavity is shown.

2. As aresult of injection of electrons from the auxiliary discharge, the increase in the main discharge current is 5-
10 times higher than one for the auxiliary discharge current.

3. The injection of electrons into the cathode cavity at a fixed current of the main discharge leads to an increase in
the plasma concentration in the cathode cavity and a decrease in the width of the cathode dark space.

4. The injection of electrons from the auxiliary discharge into the cathode cavity makes it possible to smoothly
control the current of the hollow cathode glow discharge.
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BILIMB IHKEKIII EJTEKTPOHIB HA XAPAKTEPUCTUKH TJIIHOYOI'O PO3PSY NOPOKHUCTOI'O KATOIY
Moropenos C.B., *Tumaniok B.O., **Kokoaiii M.T., *Kpacoscbkuii 1.B.
“Hayionanvnuii papmayesmuunuii ynisepcumem, Xapxis, Yepaina
bXapxriscoruii nayionansnuil ynieepcumem imeni B.H. Kapaszina, Xapxie, Ykpaina

V ctaTTi npencTaBieHi pe3yabTaTh eKCIIepUMEHTAIBHUX JOCIIJDKEHb TIIII0Y0r0 Po3psiLy 3 MOPOXKHUCTHM KaTOIOM B aTMoc(epi relito
Ta aproHy 3 BUKOPHUCTAHHSAM JIOIIOMDKHOTO PO3pALY B SKOCTI €JIEKTPOHHOTO eMiTepa. ABTOPH 3alPONOHYBAIN 3POOUTH €NEKTPOA y
BUIIISAI UMTIHAPUYHOT METaNIeBOT CITKH 3arajbHUM JUist 000X po3psziB. [TepeBaru 1iei KOHCTPYKIIT MOSCHIOIOTHCSI HACTYITHUM YHHOM.
3B'SI30K MiX pO3psAaMH 3IIHCHIOETHCS Yepe3 OTBOPH B CITILI 3 TEOMETPUIHOI0 Ipo30picTio 0,2, 110 1a€ MOKIUBICTH HE TIJIBKH INIABHO
KOHTPOJIFOBATH CTPYM OCHOBHOTO TIIIOYOTO PO3PSAY, ale 1 MiICHIIOBAaTH CTPyM IIHOTO po3psmy. Bimomo, mo omHumM 3
Hale()eKTHBHIIINX €JIEKTPOHHHUX E€MITepiB € IUIa3Ma; OJJHaK i BUKOPHCTAHHS B SKOCTI KaTo/a B IPHIIAAAX 3 TIIIOYUM PO3PSIAOM IPHU
HU3BKOMY TUCKY Ta3y yCKIAIHIOETHCS THM, IO JUIS BiTOKPEMIIEHHS MOTOKY €JIEKTPOHIB Bil IIIa3MH HEOOXiqHA CiTKa 3 HEBEIUKIMHU
OTBOpaMH, i HEJOUIFHO BUKOPHCTOBYBATH TaKy CHCTEMY Yepe3 Maly MeXaHiYHY MIIHICTh CiTKH. OCKiNBKU IOPOXKHHCTHH KaTo[
e(eKTUBHO TPALIIOE NTPU HU3BKOMY THCKY a3y, BUIUICHHS IIOTOKY €JISKTPOHIB 3 INIa3MHU JESKOTr0 JOIOMDKHOTO PO3PSILYy MOXIHBO
[PY 3HAYHO OBIIMX OTBOpAX B CITIi, IO PO3AUILE [UIa3My 1 KaTOAHY IMOPOXKHHHY. Y I[bOMY BHIIAIKy CITKY MOXKHAa BUTOTOBHTH
TaKolo, 1100 BOHA BUTPUMYBajla JOCHUTh BHCOKI TEIUIOBI HABAaHTAXCHHS i 3MOIVIA ITIPALIOBATH B THIOBHMX PEXHMax pO3psALy 3
MTOPOKHUCTUM KaTOAOM. [HXKEKIIisl eIeKTPOHIB Y KaTOJHY TIOPOKHUHY TIIFOUOTO PO3PSLY 3MIHIOE paliallbHAN PO3MOIiT iHTEHCHBHOCTI
CBITIHHA, MIUPUHY TEMHOTO KAaTOJHOTO IPOCTOPY Ta IHIN MapaMeTpH IUIa3MH B KaTOIHIA MOPOXKHUHI. BIIIMB elIeKTpoHiB, mI0
IIPOHUKAIOTH 13 JOIIOMDXKHOTO PO3psAY B KaTOIHY ITOPOXKHHHY OCHOBHOTO PO3PSIY, CTa€ 3HAUHUM, KOJIM CTPYM IHX EIEKTPOHIB CTaE
MOPIBHSAHHUM a00 IEPEeBUIIyE CTPYM EJICKTPOHIB, IO BHHIUIM 3 MOBEPXHI KaToJa y BUIVIAIL CITKHM B pe3yJbTaTi Y-TIPOLECIB.
[NapanenbHO i3 BUMIPIOBaHHSIM ONTHYHUX Ta EJICKTPUYHUX XapaKTEPHUCTUK IUIA3MH TIIIOYOTO PO3pPsAY 3 MOPOKHHUCTUM KaTOIOM
IIPOBOJIVIJIMCH BUMIPIOBaHHs KOHILEHTpANii eIEKTPOHIB METOZOM MIKPOXBHIILOBOTO 30HAYBaHHS. Beck CTpyM JOMOMDKHOTO po3psiay
IPOHUKAE B IOPOKHUHY OCHOBHOTO PO3pALY; OJIHAK, INCIsA IPUCKOPEHHS B TEMHOMY KaTOJHOMY IIPOCTOpIi, €JIEKTPOHH, L0
MNPOHHUKAIOTP 13 IOMMOMDKHOTO PO3PSY, I0HI3yIOTh aTOMHU a3y i MOMITHO 30UIBLUIYIOTH CTPYM OCHOBHOTO po3psiay. JlogaTkoBi ioHH,
10 YTBOPIOIOThCS BHACHIZOK 10Hi3amii ra3y iHKEKTOBAHUMH €JICKTPOHAMH, BUOWBAIOTh HOBI €JIEKTPOHU 3 TMOBEPXHI KaToa, U0 Ja€
MOJKJIUBICTD 30UTBIINTH CTPYM PO3PSIY.

KJIFOYOBI CJIOBA: tirounii po3psn, iazMa, IOpOKHUCTUH KaTo, EIEKTPOHH, 1HKEKIIis.





