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DEFINING OF ENERGETIC EFFICIENCY OF TRIODE GLOW DISCHARGE
ELECTRON GUNS WITH PLANE ADDITIONAL ELECTRODE

The mathematical model of triode high-voltage glow discharge electrodes’ system with
the plane additional electrode is considered in the article. The proposed model is based on
defining the plasma boundary position on the base of solving cubic equation with taking into
account the real electrodes’ geometry. The formula for recalculation of plasma boundary
position from one-dimensional model to electrodes’ system with conic anode is obtained. The
results of calculation of energetic efficiency for real parameters of electron gun are presented
and analyzed in the article. Calculation results are compared with experimental data.
Obtained accuracy of calculation, in comparing with experimental results, is nearly 10 —
15%.

Keywords: high voltage glow discharge, anode plasma, triode electrodes’ system,
plane electrode, one-dimensional model.

[.B. MEJIBHUK

HauionanbHuii TeXHIYHAN yHIBEpCUTET Y KpaiHu
"KuiBchkuii mostiTexHivHui iHCTUTYT iMeHi Iropst Cikopcebkoro”

A.B. [TIOYNHOK

YHiBepcUTET NeprKaBHOI (ickambHOI ciryx0m Ykpainu, HaBuanbHO-HaAyKOBHIA
IHCTUTYT 1HpOPMALIHHUX TEXHOJIOTIH Ta MEHEPKMEHTY, M. IpriHb KniBcbkoi obnacti

BU3HAYEHHS EHEPTETUYHOI E@EKTUBHOCTI TPIOJHUX EJJEKTPOHHUX
I'APMAT BUCOKOBOJIBTHOI'O TJIIIOYOI'O PO3PALY I3 IINIOCKUM
JOINIOMIXKXHHUM EJEKTPOAOM

YV cmami onucyemvca mamemamuuna mooenv mMpiOOHUX eNeKMPOOHUX CUCHeM
BUCOKOBONILMHO20 MII0Y020 pO3PAOY 13 NIOCKUM OONOMINCHUM — elleKmpooom. Taxi
eIeKMPOHHI 2apmamu 3HaAxX00AMmsb WUPOKe 8NPOBAONCEHHS Y NPOMUCTOBOCTI OJisl UKOHAHHS
MEeXHONI02IUHUX — Onepayill  36aplOGaHHs, NAAHHA, GIONANIO6AHHA  8UPOODIS, HAHECEHHs
KOMNO3UMHUX KePaAMIYHUX NOKPpUMMI6 ma O1s NepeniasieHHs MYy2oniaeKux Memanie 3
Memoto iX ouuujeHHs 6i0 WKIOIUBUX OOMIULOK. 3aNponoHO8AHA MAMeMaAmuiHa Mooeb
0azyemvca HA BU3HAYEHHI NOJIOJNCEHHs NIA3ZMOB0I MedXCi yepe3 auanimuuue po3e’ A3V68aHHS
KYOIuHO020 pigHAHHA 3 uKopucmanHam gopmyn Kopoano 3 ypaxyeanusm peanvhoi ceomempii
enekmpoois. 3a0aua NOWLYKY MNONONACEHHA NIAA3MOB0I Medci 8 eleKmpoOHil cucmemi
BUCOKOBONILIMHO20 MII04Y020 pO3pPA0Y SUPIULYEMBCA Yepe3 D036 S130K DPIGHAHHA Oanaaucy
3apA0IHCEHUX 4ACMOK ) PO3PAOHOMY npomidxcky. Cnouyamky 3a0a4a 6UHAYEHHS NOJONCEHHS
NAA3MO80i MedxCi 8i0HOCHO Kamooa 0yia po36’A3aHa 01 AKCUANIbHO-CUMEMPUYHOI cucmemu
i3 JIHINHOW 2eoMempi€io elekmpoois. Y cmammi po3eisaHyma CmpyKmypHa cxema markoi
eleKmpOOHOI cucmemu ma 6usHayeHi 0azosi napamempu cgopmosaHoi mamemamudHoi
mooeni. Ilicna yvoeo, maxodc uepe3 auaiimuyHe po36’ s3Y6aHHsA KYOIUHO2O DIGHAHHA 3
sukopucmauuam gopmyn Kopoano, ompumana ¢hopmyna Ons nepepaxyHky HNONOHNCEHHs
NIA3MOB801 MexCi 3 OOHOMIPHOI cucmemu 00 cucmemu i3 KOHYCHUM aHoOom. Y cmammi
MAaKox#C OmpuMani @Gopmyau O paspaxyHKy eHepeemuyHoi eghekmusHocmi mpioOHOI
eIeKMPOHHOI 2apmamu i3 KOHYCHUM AHOOOM ma NIAMmMuHuamum erekmpooom. Haseoeni ma
APOAHANI3068aH]  pe3yIbmamu  PO3PAXYHKY — eHepeemuyHoi  eekmusHocmi  peanvbHoi
eneKmpoHHol 2apmamu. Po3paxynkosi pe3yromamu NOPIi6HIOIOMbCS 3 eKCHepUMEHMAbHUMU
oanumu. Bci excnepumenmu Oynu nposedeni 6 nabopamopii eneKmpoHHO-NPOMEHEe8UX
mexHono2iyHux npucmpoie Hayionanonoeo mexuniunozo ynieepcumema Yxpainu «Kuiscokuii
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noaimexuiynut incmumym imeni leopsa Cikopcokoeoy. Ompumana mo4yHiCMb pO3PAXYHKIS,
NOPIBHAHO i3 eKxcnepumenmaivHumu oanumu, ckaaoae oins 10 — 15%. Ompumani 6 cmammi
HAYKOB8I pe3ylbmamu € 6Kpall YiKasumu ma 6adciusumu O HaAYKOBYI8 ma IHMCeHepis, sKI
3aUmMaromsvcs po3pooKoio eleKmpOHHO-NPOMEHEB020 MEXHON02IUH020 00NAOHAHHA MA 1020
BNPOBAOIHCEHHAM Y CYUACHE BUPOOHUYMEBO.

Knrouosi cnosa: eucoxoeonvmuuil miuirouuil pospso, amoOHa NaaAsMd, mMpioOHA
eneKmpoOHa cucmema, niOCKUll e1eKmpoo, 0OHOBUMIPHA MOOEb.

N.B. MEJIbBHUK

HanuonansHblil TEXHUUECKUH YHUBEPCUTET Y KPAUHBI
"KueBckuit nonutexundeckuit ”HCTUTYT uMenu Uropst Cukopckoro"”

A.B. ITOYNHOK

YHHMBEPCUTET rOCYAapCTBEHHON (PHCKAIBHON CIIy)XObI YKpanHbl, YueOHO-HayYHbIH
MHCTHUTYT MH(OPMALMOHHBIX TEXHOJIOTHI U MEHEDKMeHTa, T. Mpnens Knuesckoit obnactu

OINPEJEJEHUE SHEPTETUYECKOM Y®PEKTUBHOCTH TPUOJHBIX
SJIEKTPOHHBIX ITYHIEK BBICOKOBOJIBTHOTI'O TJIEIOHIEI'O PA3PAJIA C
INJIOCKHUM BCIIOMOT' ATEJIBHBIM 3JIEKTPOJOM

B cmamve onucevieaemcs mamemamuyeckas Mmooeib MPUOOHBIX INEKMPOOHLIX
cucmem 8bICOKOBOILIMHO20 MACIOWE20 PaA3padd ¢ NIOCKUM 6CHOMO2AMENbHbIM dNeKMPOOOM.
Ilpeonazaemas mooenv ochoséana Ha OnpeoeseHul NOJONCEHUS SPAHUYbLL NAAZMblL NYMEM
pewieHuss Kyouueckozo ypasHeHus OJd pPealbHOU 2eoMempuu 31eKmpooos. Ilonyuena
Gopmyna 0nsi nepecuema NONOANCEHUS NIAZMEHHOU 2PAHUYbL U3 OOHOMEPHOU CUCHEMbl 8
cucmemy ¢ KOHUYECKUM aHO0oM. B cmamve npusedenvl u npoaHaiu3upoB8ansvl pesyibmamsl
pacuema dHepeemuieckoll d¢hdexmusHoCmuy peanvHoll d1eKMpOHHOU nywku. Pe3yromamul
pacuemos CpasHUBarOmMcs ¢ IKCNEPUMEHMANbHLIMU OaHHbMU. [lonyuennas mounocms
pacuema OmHOCUMENbHO IKCNEePUMEHMANbHbIX 0aHHbix cocmasuna 10 — 15%.

Kniouesvie cnosa: 6vblcOK0B0IbMHBLI MACOWUL paA3psa0, AHOOHAS NAA3MA, NIOCKULL
9NeKMPOO0, 0OHOMEPHASL MOOEb.

Analysis of Recent Researches and Publications

High Voltage Glow Discharge (HVGD) electron guns are widely used in industry for
electron beam welding, brazing, deposition of metallic and ceramic coatings, refining of
refractory metals, as well as for annealing of thin-wall items [1-6]. Using for maintaining of
HVGD the cathodes from different metals and different operation gases, including active and
noble ones, in range of operation pressure 0.1 — 10 Pa, is possible [1, 2]. The advantages of this
type of electron guns are follows [1 — 6]:

— choosing of suitable gases and its mixes can be defined mostly by the requirements of
technological process;

— relatively low price both of the electron guns and of evacuation system for
technological installation;

— simplicity of disassembling and repairing of electron guns with changing of spare
details, including the cathodes, which can spoiled after hundreds hours of uninterrupted
operation in the difficult vacuum conditions;

— possibility of control of discharge current both by changing operation pressure [7]
and by lighting additional low voltage discharge [8, 9].

Problem Statement

Especially interesting for advanced industrial application is triode HVGD electron guns with
the third additional electrode, where the fast control of beam current in the time range of tens or
hundreds microsecond is possible [8, 9]. Such fast control is lead to the stable power of HVGD
electron gun during long time of operation, as well as to its advanced possibilities with using pulse
regime of operation [8 — 10, 12]. For example, such physically-complex technological processes, as
deposition of ceramic multicompound coatings [4, 5, 10] or obtaining of chemically-complex alloys
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with mixing in alternative magnetic field [6], are possible to realizing in the pulse regime of
operation of HVGD electron gun in the soft vacuum.
Purpose of the Study

Unfortunately, suitable simplified mathematical models for engineering calculation of
triode HVGD electrodes’ systems still don’t exist today. By this reason elaboration and
manufacturing application of advanced triode HVGD electron guns with fast control of
discharge current in uninterrupted regime and with pulse regime of operation are still
restrained. Therefore describing of simplified mathematical model of the triode glow dis-
charge electron gun electrodes’ system with the plane additional electrode is the subject of
this paper.

Description of Main Material of Research

General structured scheme of considered HVGD triode electrodes’ system.

Really, triode electrodes systems with different geometry are used for fast control and precision
changing of HVGD current [8, 9, 11, 12]. Main of these systems’ are follows:

— system with the ring-like positive electrode, placed in the plasma volume;

— system with the cylindrical negative electrode, placed near the cylindrical anode;

— system with the plane positive additional electrode, placed in the body of electron
gun outside the anode surface, scheme of which presented at Fig. 1.

The electrodes’ system consists on metallic spherical cathode 1, located on the top of
gun construction and disposed on the high-voltage insulator 8, capsule of electron gun 10,
focusing anode diaphragm 3 and the plane additional electrode 4. Formed electron beam 5
penetrated through ionized anode plasma 6 with sharp boundary 7 and focused by the
magnetic lens 11 on the treated item 2. Anode plasma 6 with boundary 7 is usually considered
in HVGD electrodes systems as the source of ions and as additional electrode with fixed
potential [2, 3, 8, 9].

The main advantage of electrode system, presented in Fig. 1, is the most precision
control of discharge current. But, in any case, HVGD system with additional electrode on the
theoretical point of view can be considered as the systems with the hollow anode [8, 9, 11]. The
acceleration voltage noted in the Fig. 1 as —Uj,; and the control voltage as +U..

Equivalent plane one-dimensional HVGD electrodes’ system and its external and
internal parameters. Since numerical solving of complex problem of finding plasma boundary
form and position is very sophisticated and required enormous computer resources, therefore com-
bined theoretic and experimental methodology is usually used for simulation of triode HVGD
electrodes’ systems. On the first step the approximated values of beam current on the base of one-di-
mensional model of HVGD system is calculated. Generally such models are analytical and based on
solving of cubic equations [8, 9]. But since in real electrodes system square of emission surface is
usually different, the value of discharge current has to be recalculated. After that the photographs of
discharge gap have to be analysed with using computer image recognising technique for defining
plasma boundary position relatively to the cathode surface as the sharp curve, on which the bright-
ness of discharge lighting changing from dark to light area [2, §].

Geometrical model of one-dimensional HVGD electrodes system, which is equivalent to
the two-dimensional axially-symmetric system, was presented in the Fig. 1, is presented in Fig.
2.

It is clear form the Fig. 2, that main geometry parameters of considered modelling
one-dimensional system are follows:

1. longitudinal size of the discharge gap |;

2. its’ transversal size d;

3. longitudinal size of the anode plasma in one-dimensional electrodes’ system dp;

4. distance from the cathode surface to the anode plasma boundary dcp;

5. the transversal size of cathode re.
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Another important internal parameter of the formed mathematical model is the
residual pressure pao, which, under conditions of HVGD lighting, with taking into account the
lighting of additional discharge, laying in the range 0.1 — 10 Pa. Therefore, physical
conditions of main and additional discharge lighting in the HVGD triode electrodes’ system
are complexly defined by the electrodes’ materials, sort of operation gas and its’ pressure, the
accelerated voltage and the voltage on the additional electrode.

LT
1

Fig. 1. Scheme of triode HVGD electron guns’ electrodes' system with the plane additional electrode. 1
— cathode, 2 — treated item, 3 — anode, 4 — additional plane electrode, 5 — electron beam, 6 — anode
plasma, 7 — plasma boundary, 8 — high-voltage insulator, 9 — low-voltage insulator, 10 — guns’ capsule,
11 — magnetic lens for focusing electron beam on the treated item

Fig. 2. Geometry parameters of equivalent one-dimensional HVGD electrodes system with the plain
cathode and anode [8, 9]. 1 - cathode, 2 — HVGD anode, 3 — plane electrode for lighting of additional discharge,
4 —low-voltage insulator, 5 — high-voltage insulator, 6 — anode plasma,

7 — electron beam, 8 —low-voltage control power source, 9 — treated item, 10 — high-voltage power source

But in conditions of HVGD lighting the interaction of charged particles flows ones with
another and with the electrodes’ surfaces are also greatly influence to the discharge parameters.

Among these processes and corresponded internal discharge parameters mostly important are
follows [2, 3, 8,9, 12].
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1. Emission of electrons from the cathode surface under the action of its bombarding
by ions. This process is characterized by the generalized factor of secondary ion-electron
emission vy, for using operation gas and cathode material.

2. Physical processes, connected with gas ionization by the fast beam electrons and by
the slow electrons, reflected from the surface of HVGD anode. These processes are
characterized by the corresponded cross-sections of gas ionizing by the fast electrons Qj; and
by the slow Qjs.

3. Process of ions recharging on the atoms of residual gas. This process for
corresponded ion energy E; and the pressure of residual gas pgy is characterized by the cross-
section of recharging Qjo.

4. Process of ambipolar diffusion of ions in the anode plasma, by which the ions
moving from plasma to the cathode of additional discharge. This process is characterized by
the length of free moving of electrons A, and ions A; for corresponded pressure of residual gas
Pao-

5. Process of secondary ion-electron emission from the cathode of additional discharge
under the action of slow ions which moving from the plasma. This process is characterized by the
factor of secondary ion-electron emission for using operation gas and HVGD anode material vy,.

6. The important parameters of anode plasma, by which defined the energetic and
geometry parameters of forming electron beam, are the temperature of electrons T, and its’
mobility pe. By these parameters defined the volume, occupied by the anode plasma, and,
correspondently, the longitudinal size of plasma dj.

Considered HVGD parameters are used in proposed mathematical model, which will
be considered in the next section of the article.

Mathematical model of considered HVGD electrodes’ system.

The generalized methodology for theoretical estimations of anode plasma parameters
and defining approximate value of longitudinal size of the anode plasma d, is based on
solving the equation of balance of charged particles [3, 8, 9]:

Lo+ 2o+ 2y =2y, (1)
where z; — efficiency of gas ionizing by the fast beam electrons, zs — efficiency of gas ionizing
by the slow electrons, z4is — efficiency of appearance of ions in additional discharge, Zgif —
efficiency of living the ions from plasma by process of diffusion.

Equation (1) in the physical conditions of HVGD lighting transforming to cubic
equation relatively parameter dp, which analytical solving with using Cordano formulas given
following result [8, 9, 12]:

—a; —a. kTe -I-EU _a
Rl - A‘UaCI(AanCI +1)' ———4 ; Rz = fninu Ike; Rs = R1Rz paerpOa
\/ 2mm,
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/ c
v:3—%—1/Deq;y:u+v, dp:y—g,

where n;and 1, — the coefficients of ions reflection from the HVGD anode by the current
and by the energy correspondently, ke — coefficient of elongation of ions trajectories, f —
transparent coefficient for HVGD anode, Qg — cross-section of ions dissipation on the ions’
of residual gas, U; — potential of gas ionizing, Ny — Loshmidt constant, T, — the temperature
of electrons in anode plasma, poy — mobility of electrons in anode plasma, A;, &, o; — semi-
empirical coefficients, ¢, d — the coefficients of solving cubic equation, D, — discriminant of
this equation, p, g, U, v and y — additional variables.

For electrodes’ system with conic anode, presented at Fig. 1, the plasma longitudinal size
dpc can be recalculated with using value of dy, obtained from equations (2), with using following
relations [1]:

pc

3\/3R§dpllj RS \/9R;dg,|§ JHRE 2RI,

— _ _ , 3
2hisw®  27hPs’w? | 4his’w®  729h0°s‘w®  9hstw? G)

2 2 )
sl Ra| _ f14|Re , w=3- f'haz,
h, h, h; +R;

where R, — radius of anode basis, h, — highness of anode, |5 — generatrix line of conic anode
surface.

With known longitudinal size of the anode plasma dy, defined by equations (2, 3),
concentration of ions defined by following formulas [8, 9, 12]:

C,=AUZ (1+ AU - (+nm (1= F(-d, paoQupo )

211 elkT, +eU
CZZ TCM|02(1+'deon)_3Noai #’ (4)
(dnpaO) 7\' znme
C, = (KT, +eU, Jexp —kTL C,. n =%.
. +U, 3

Without taking into account the losses of electrons’ current at the anode, the equation
for HVGD current can be written as [8, 9]:

2m d, )’ [2m
o =e(AU2 1) T8, =med, (AU, +1)'(fj T, (5)

and for current of additional discharge [8, 9]:

Iczenisc(l+Yc) 2?nuc ’ (6)

i
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where concentration of ions in anode plasma n; obtained from equation system (4).

With known values of the currents of main and additional discharges, defined by the
equations (5, 6), the energetic efficiency of triode electron source for electrodes’ system,
presented at Fig. 1, calculated as follows [8, 9, 12]:

2+k(1+2kyp ) — n
=1-=—= ele0s k, =1p,, Qi =—d4 7
Mo 2k, (1+7k,) e =PaQoi T 14 NeYele @
Uacld

Simulation results, have been obtained with using equations (2 — 7), will be presented
and analyzed in the next part of the article.

Obtained simulation results and its’ discussion

Calculations with using equations (2 — 7) have been provided for such HVGD
parameters: |=100mm, d, =100mm, rc=700mm, U, =18V, y=4.6, & =0.343, Qu =

2

5310°m% 0 =07,1u=095, o =1.452, =099, A =3810°, a=2.5-10'"  p=254"2
S V-s

results of simulation for different acceleration voltage, operation pressure and voltage of
additional discharge, as well as corresponded experimental results, are presented at Fig. 3.

It is clear from obtained simulation results presented at Fig. 3 that energetic efficiency of
triode glow discharge electron gun with plane additional electrode is increasing with growing
acceleration voltage, control voltage and operation pressure. This fact can be easy explained by
higher level of gas ionization, which leads to grates increasing of HVGD current
correspondently to current of additional discharge [8, 9]. In any case, lighting of additional
discharge lead to increasing of ions’ concentration in anode plasma, and in such conditions
HVGD current increased by the power low with power index m >1 [3, 8, 9]. The same
dependence given experimental results have been obtained and plotted in the Fig. 3 by the circle
points. Experimental points at Fig. 3, a, corresponded to curves 3 and 6, and points at Fig. 3, b —
to curves 5 and 6. One can see from dependences, plotted at Fig. 3, that disagreement between
theoretical and experimental results is not grater, than 10 — 15%.

.The

nt! %

Uam kV

5 10 15 20 25
a) b)

Fig. 3. Dependences of energetic efficiency of HVGD electrodes’ system on acceleration voltage, voltage of
additional discharge (a) and operation pressure (b):
a)p,o=05Pa;1-U.=240V,2-U.=210V,3-U.=180V,
4-U.=150V, 5-U.=120V,6-U.=90 V;

b) U. =150B; 1 - p,=0,2 Pa,2 —p,y=0,4 Pa,3 - p,y=0,5 Pa,
4-p,=0,6Pa,5-p,y=08Pa,6-p,,=1Pa
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Conclusions

The mathematical model, proposed in the article, allows defining on the first step of
engineering design the energetic efficiency of elaborated triode glow discharge electron gun
with the plane additional electrode. Provided analyze also shown that for the system with plane
electrode energetic efficiency n; is on few percents grater, than for the system with the negative
ring-like electrode [8, 9]. In any case, the energetic efficiency of such guns is very high and for
acceleration voltage 25 kV approve to 90%. Therefore such guns can be successfully used in
modern electronics and instrument making industry for deposition of chemically-complex thin
films and for refining of refractory metals, alloys and ceramics [4—6].

References

1.  Denbnovetsky, S. V., Melnyk, V. G., & Melnyk, 1. V. (2003) High Voltage Glow
Discharge Electron Sources And Possibilities of Its Application in Industry for Realising
of Different Technological Operations. IEEE Transactions on plasma science, 31, 5,
October, 987-993.

2. Denbnovetsky, S. V., Melnyk, V. G., & Melnyk, 1. V. (1997) Model of Beam Formation
in a Glow Discharge Electron Gun with a Cold Cathode. Applied Surface Science, 111,
288-294.

3. Novikov, A. A. (1983) Istochniki elektronov vysokovoltnogo tleyuschego razryada s
anodnoy plasmoy [High Voltage Glow Discharge Electron Sources with Anode
Plasma]. Moscow: Energoatomizdat. (Published in Russian language).

4.  Grechanyuk, M. L., Melnyk, A. G., Grechanyuk, 1. M., Melnyk, V. G., & Kovalchuk, D.
V. (2014) Modern Electron Beam Technologies and Equipment for Melting and
Physical Vapor Deposition of Different Materials. Elektrotechnica and Electronica
(E+E), 49, 5-6, 115-121.

5. Mattausch, G., Zimmermann, B., Fietzke, F., Heinss, J. P., Graffel, B., Winkler, F.,
Roegner, F. H., & Metzner C. (2014) Gas Discharge Electron Sources — Proven and Novel
Tools for Thin-Film Technologies. Elektrotechnica and Electronica (E+E), 49, 5-6, 183-
195.

6. Ladokhin, S. V., Levitskiy, N. L., & Chernyavsky, V. B. at al. (2007) Elektronno-
luchevaya plavka v liteynom proizvodstve [Electron-Beam Melting in Foundry]. Kiev:
Stal.

7. Denbnovetsky, S. V., Melnyk, V. L., Melnyk, 1. V., Tugay, B. A. (2002) Model of Control
of Glow Discharge Electron Gun Current for Microelectronics Production Applications.
Proceedings of the Sixth International Conference on Material Science and Material
Properties for Infrared Optoelectronics (Ukraine, Kyiv, May 22-24, 2002), Kyiv: SPIE,
5065, pp. 64-76.

8. Melnyk, I. V., & Tuhai, S. B. (2012) Modelirovanie Geometrii Granitsy Anodnoy
Plasmy v Triodnyh Istochnikah Elektronov Vysokovoltnogo Tleyuschego Razryada
[Simulation of Geometry of Anode Plasma Boundary in Triode High Voltage Glow
Discharge Electrodes Systems]. Elektronnoe Modelirovanie, 34, 1, 15-28. (Published in
Russian Language).

9.  Melnyk, 1. V., & Tuhai, S. B. (2012) Analiticheskiy Raschet Polozheniya Granitsy
Anodnoy Plasmy v Vysokovolthom Rozryadnom Promezhutke pri Zazheganii
Vspomogatelnogo Razryada’ [Analytical Calculation of Anode Plasma Boundary
Position in a High Voltage Glow Discharge Gap with Lighting of Additional
Discharge]. lzvestiya Vuzov. Radioelectronika, 55, 11, pp. 50 — 59. (Published in
Russian Language).

DOI 10.32782/2618-0340-2018-2-96-104
103



ITPUKJIAJTHI TUTAHHA MATEMATHYHOI' O MOAEJTIOBAHHA Ne2, 2018 p.

10. Rykalin, N. N., Zuev, 1. V., & Uglov, A. A. (1978) Osnovy elektronno-luchevoi
obrabotki materialov [Foundation of Electron-Beam Treatment of Materials]. Moscow:
Mashinostoenie, (Published in Russian language).

11. Denbnovetsky, S. V., Melnyk, V. L., Melnyk, 1. V., Tugay, B.A. (1998) Investigation of
forming of electron beam in glow discharge electron guns with additional electrode.
Proceedings of the XVIII-th International Symposium on Discharges and Electrical
Insulation in Vacuum. (Netherlands, Eindhoven, August 17-21, 1998), 2, pp. 637-640.
DOI: 10.1109/DEIV.1998.738530

12. Melnyk, 1. V., Cytrnyatynskiy, I. S., & Piasetska, N. 1. (2016) Iteratively methodic of
simulation of triode high voltage glow discharge electrodes systems with taking into
account the temperature and mobility of slow electrons in anode plasma. Bulletin of
Taras Shevchenko National University of Kyiv. Radio Physics and Electronics. 1 (24),
pp. 30-34.

DOI 10.32782/2618-0340-2018-2-96-104
104


https://doi.org/10.1109/DEIV.1998.738530



