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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%.
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[.B. MEJIbHUK

HauionanbHuii TeXHIYHAH yHIBepCcUTET Y KpaiHu

"KuiBcbkuii mosiTexHiqauil iHcTUTYT iMeHi Iropst Cikopcebkoro"

YHiBepcUTET AeprkaBHOI QicKaabHOI Ciryx0m Ykpainu, HaBuaapHO-HaAYKOBHIA
IHCTUTYT iH(QOPMALIHHIX TEXHOJIOTIH Ta MEHEPKMEHTY, M. Iprinb KniBcbkoi obmacTi

BU3HAYEHHS EHEPTETUYHOI EOEKTUBHOCTI TPIOJHUX EJJEKTPOHHUX
I'APMAT BUCOKOBOJIBTHOTI'O TJIIIOYOI'O PO3PALY I3 IINIOCKUM
JOINOMIXKHUM EJIEKTPOAOM

YV cmami onucyemvca mamemamuyna mooenb mMpIiOOHUX eN1eKMPOOHUX CUCTHEM
BUCOKOBOJILMHO20 MJII0Y020 pO3PsA0Yy 13 NIOCKUM  OONOMIJNCHUM — eleKmpooom. Taxi
eIeKMPOHHI 2apMamu 3HAxX00msb WUPOKe 8NPOBAONCEHHS Y NPOMUCTOBOCMI OJisl GUKOHAHHS
MEeXHON02IUHUX — Onepayiti  36aplo6aHHs, NAAHHA, GiONANIO6AHHA  UPOOI8, HAHECeHHs
KOMRO3UMHUX KEPAMIYHUX NOKpUMmMie ma O NepeniasiledHs MYy2OoniasKux Memauié 3
Memoio iX ouuujeHHs 6i0 WKIOIUBUX OOMIUOK. 3aNponoHO8AHA MAamMeMamuiHd MoOoeib
0a3yemovca HA BU3HAYEHHI NOJIONCEHHA NIA3ZMOB0I MeXci yepe3 ananimuiue po3e A3V6aHHs
KYOIuHO020 pieHAHHA 3 @uKOpUcmanHam gopmyn Kopoano 3 ypaxysanuam peanvroi ceomempii
enekmpoois. 3a0aya HNOWYKY NONONCEHH NIAA3MOB0I Medci 8 eleKmpoOHill cucmemi
BUCOKOBOJILIMHO20 MIII04U020 pO3pA0y SUPIULYEMBCS Yepe3 pPO38 S30K PIGHAHHA banaaucy
3apA0AHCEHUX 4aACMOK Y PO3PAOHOMY npomixcky. Cnouamky 3a0aua 6U3HA4eHHs NOJIOHCEHHS.
NAa3M080i medxci 6i0HOCHO Kamooa 0yna po36’A3aHa 01 aKCUANIbHO-CUMEMPUYHOL cucmemu
i3 JIHIUHOW 2eomempicio eleKmpoois. Y cmammi po3ensiHyma cmpyKmypHa cxema maxoi
eeKMPOOHOI cucmemu ma 6usHauyeHi 0a3zo08i napamempu cgopmo8aHoi MmMamemamudHoi
mooeni. llicna yvoco, maxodic uepe3 aumanimuyHe po36° 3Y8aHHA KYOIUH020 PIGHAHHA 3
gukopucmauuam gopmyn Kopoano, ompumana ¢popmyna Ons nepepaxyHky NONOHCEHHs
NA3M0o80i Mednuci 3 OOHOMIPHOI cucmemu 00 cucmemu i3 KOHYCHUM anodom. Y cmammi
MaKoxic Oompumani Gopmyau Oas paspaxyHky eHepeemuyHoi egekmusHocmi mpioOHOT
eIeKMPOHHOI 2apmamu i3 KOHYCHUM AHOOOM mMa NIAMMuHYamum erekmpooom. Haseoeni ma
NPOAHANI308aH]  pe3yIbmamu  pO3PAXYHKY — eHepeemuyHoi  egekmusHocmi  peanbHoi
eneKmpoHHoi capmamu. Po3paxynkosi pe3yibmamu NOPIGHIOIOMbCA 3 eKCNEPUMEHMATbHUMU
oanumu. Bci excnepumenmu Oynu nposedeni 6 nabopamopii enieKmpoHHO-NPOMEHEBUX
mexHono2iuHux npucmpois Hayionanonoeo mexniunoeo ynieepcumema Yrpainu «Kuiscoxuu
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nonimexuiyHuti incmumym imeni leops Cikopcokocoy. Ompumana mouyHiCmb pO3PAXYHKIS,
NOPIBHAHO i3 eKxcnepumenmanvHumu oanumu, ckaaoae oina 10 — 15%. Ompumani 6 cmammi
HAYKOBI pe3ylbmamu € 8Kpaul YiKagumu ma GadCIusUMu O1s. HAYKOBYIE8 ma IHIHCEHepis, Ki
3aUmMarmsvcs po3pooKoo eleKmpOHHO-NPOMEHEB020 MEXHONI02IUH020 00NA0OHAHHA MA 1020
BNPOBAOIHCEHHAM Y CYYACHE BUPOOHUYMEBO.

Knwouosi cnosa: eucoxosonvmuuii miuitoyuii po3pso, aHOOHA Naa3md, mpiooHa
eneKmpooOHa cucmema, niOCKUll eiekmpoo, 0OHOBUMIPHA MOOEb.

N.B. MEJIbBHUK

HanuonanbHbIi TEXHUYECKUH YHUBEPCUTET Y KPaUHBI
"KueBckuit nonurexuuueckuii MHCTUTYT uMeHu Uropst Cuxopckoro"

A.B. [IOYNHOK

YHHBEPCUTET rOCYAapPCTBEHHON (PUCKAIBHOM CITy>KObI YKpanHbl, Y4eOHO-HayIHBIH
MHCTUTYT MH()OPMALIMOHHBIX TEXHOJIOTHI N MEHeDKMeHTa, T. pnens KueBckoit obmactu

OINPEJEJIEHUE SHEPTETUYECKOM Y®P®EKTUBHOCTHU TPUOIHBIX
IJIEKTPOHHBIX ITYHIEK BBICOKOBOJIBTHOTI'O TJIEOLIEI'O PA3PSJIA C
INJIOCKHUM BCIIOMOTI'ATEJIBHBIM 3JIEKTPOAOM

B cmamove onucwieaemcs mamemamuyeckas MoO0eib MPUOOHBIX INEKMPOOHBIX
cucmem 8blCOKOBOILIMHO2O MACIOWE20 pA3pa0d ¢ NIOCKUM 6CHOMOAMENbHBIM 2NEKMPOOOM.
IIpeonazaemas mooenv ochosana Ha OnpeoeneHul NOJONCEHUs. SPAHUYbL NAA3ZMbl NYMEM
pewenuss Kyouueckoeo ypasHeHusi O peanbHOU 2eomempuu 31ekmpooos. Illonyuena
Gopmyna ons nepecuema NOLONCEHUS NIAZMEHHOU 2PAHUYbL U3 OOHOMEPHOU CUCMEMbL 8
cucmemy ¢ KOHU4eCKUM aHOO0OM. B cmambe npusedeHvl u npoaHaiu3upo8aHvl pe3yibmansl
pacuema dHepeemuieckou 3@@ekmusHoCmuU peanrbHol 1eKmpoHHOU nywku. Pezyromamul
pacuemos CpasHuBarOmMcs ¢ IKCNEPUMEHMANbHbIMU OaHHbMU. [lonyuennas mounocms
pacuema OmHOCUMENbHO IKCNEePUMEHMANbHbIX 0aHHbIX cocmasuna 10 — 15%.

Kniouesvie cnosa: 6blcOKOBONIbMHBINU MACOWULL paA3ps0, AHOOHAs NIA3MA, NIOCKULL
91eKmMpPo0, 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 —U,¢ 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 I;

2. its’ transversal size dy;

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.

| 8
L1 :
>

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].

DOI 10.32782/2618-0340-2018-2-96-104
99



ITPUKIIAJIHI ITNTAHHA MATEMATHYHOI' O MOAEJIFOBAHHA No2, 2018 p.

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 Y, 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 py 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 y,.

6. The important parameters of anode plasma, by which defined the energetic and
geometry parameters of forming electron beam, are the temperature of electrons Te and its’
mobility pe. By these parameters defined the volume, occupied by the anode plasma, and,
correspondently, the longitudinal size of plasma dp.

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+ Zgig = Ze (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, zqif —
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]:

—g _a kTe +eU a
R1 = AU&CI(Aancl +1)' ———4 ; Rz = fninu Ike; Rs = R1R2 paOerO:
V 2mm,
R, =3(KT, +eU,)-N, -, kTe+—eUdeXp U :
2nm KT,
¢ +U,
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(o
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C
VZBI—%—M;y=U+V, dpzy—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, pg, — mobility of electrons in anode plasma, A;, a;, o; — semi-
empirical coefficients, ¢, d — the coefficients of solving cubic equation, D, — discriminant of
this equation, p, g, U, vV 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§dpllf RS \/9R;d;,|j 3ERE 2RI,

_ _ _ , 3
2hisw®  27hP°s’w® | 4his’w®  729h°s°w®  9hstw? ©)

RY RY h?
s=1+| 2| — 1+ 2|, w=3- f .,
h, h, h; +R;

where R, — radius of anode basis, hy — 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 -1+ (1= £ (1-d, PaQupo ),

"I, elkT, +eU
C2 _ T M|0 - (1+’deon)_3NOO{.i She VYY) , (4)
(dn paO) 7\‘ 27Cme
C, :(kTe+eUp)exp _I(TL C,,n :%'
o -i-Up 3

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

2
e s g (5] 2

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

Ic:enisc(l—l—’Yc) anuc ’ (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]:

24k, (1+2K.y1,) — n
=1-——2 002k, =1p, Qi =—9d 7
Mo 2k, (1+7k,) e =PaQu 15 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, =100 mm, rc=700mm, U, =18V, y=4.6, 3 =0.343, Qu =
2

5310°m> 1 =07, 1u=095, & =1.452, =099, A =3810%, a=2.5-10'"2  b=25.4 \rfn
S -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

r]ty %

U301 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,=05Pa;1-U,=240V,2-U.=210V,3-U. =180V,
4-U.=150V, 5-U.=120V,6-U.=90 V;

b) U, =150 B; 1 -p,y=0,2 Pa,2 — p,,=0,4 Pa,3 - p,,=0,5 Pa,
4-p,=06Pa,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].
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