
ISSN 1728-2306                               ��������	
� �� ��
�����
�. 1/2(21/22)/2014 ~ 37 ~ 

 

 

�) 

b) 
 

 
Fig. 7. STM images of the Ge(111) surface.  

The image size is 100 nm x 100 nm, sample bias  
voltage U = 2.5 V, tunnelling current I = 0.5 nA. a) grey-scale  

representation of the surface topography: brighter areas are closer 
to the viewer; b) 3D reconstruction of the surface topography. 
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ANALYTICAL RELATIONS FOR CALCULATION THE ENERGETIC EFFICIENCY  

OF TRIODE GLOW DISCHARGE ELECTRON GUNS 
 

Dependences of energetic efficiency of triode high-voltage glow discharge electron guns from acceleration voltage, operation pressure 
and from voltage on additional electrode have been obtained and presented in the article. Obtained mathematical model is formed by 
analytical solving of algebraic equations, which is a result of consideration of equations of ions balance in anode plasma and equation of 
discharge self-consistency. Obtained simulation results are shown, that the energetic efficiency of triode glow discharge electron guns is 
lead in range 80–90%, therefore such type of electron guns can be successfully used in the modern electron-beam technologies. 

Keywords: electron guns, electron-beam technologies, high voltage glow discharge, anode plasma, triode electrode system 
 
Introduction. Glow discharge electron guns (GDEG) are 

widely used in industry for providing different technological 
operations, such as: effective, high-rate and high-quality 
welding in the soft vacuum; refusing of refractory materials; 
deposition of high-quality ceramics films and coatings in the 

soft vacuum; high-rate annealing of items in the soft vacuum 
[1, 2, 5, 6, 12–15]. Great interest to development and 
applying in industry of high voltage glow discharge (HVGD) 
electron guns is caused by many important advantages, 
which are difference such type of guns from the traditional 
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guns with heated cathodes. Among these advantages most 
important are follows. 

1. GDEG operated in the medium of soft vacuum, 
range of 1–10 Pa, with acceleration voltage range of  
5–30 kV [1, 2, 12, 13]. Therefore, low cost, simple 
evacuated systems are suitable for providing the operation 
of GDEG. Usually level of vacuum is defined by the 
requirement of realised technological process. 

2. GDEG can successfully operate in the medium of 
different gases, including active and noble ones, dependence 
on the requirement of technological process [2, 5, 6 12]. 

3. Relative simplicity of guns’ construction and low cost 
of technological equipment [2, 5, 6, 12]. 

4. Simplicity of realising control of discharge current, 
and, as a result, of beam current, by changing the pressure 
of operation gas in the gun’s volume. This control method 
is simply realised by changing the gas flux in the gun’s 
volume with its uninterrupted pumping [2, 4]. 

Therefore, elaboration of HVGD electron guns and its 
applying in industry is the very actual scientific and 
technical problem for future development of modern 
electron-beam technologies [2, 6]. 

Problems and its’ discussion. However, well-known 
gas-dynamic method of gun current control is very slow, 
usually time constant of current regulation is range of from 
hundreds millisecond to few second. Such slow regulation 
is explained by the low speed of gas-dynamic processes 
[4]. Such high value of time regulation constant is not 
suitable for modern electron-beam technologies [2, 5, 6, 
13–15]. Therefore, many years ago was considered the 
possibility of fast electric control of HVGD current in more 
complicated triode electrodes systems by applying 
relatively small potential to the additional electrode [3]. 
Provided experimental investigations show, that for 
electrical control of the discharge current time regulation 
constant is much smaller, range of tens or hundreds 
microsecond. Therefore, using of triode GDEG in the 
modern electron beam technologies is really very 
promising [6, 14].  

However, investigation of complex physical processes 
in the triode HVGD electrodes systems was provided only 
in last years and has been considered in papers [7, 9–11]. 
This advance caused by development of mathematical 
methods in computer-aided design (CAD) software, such 
as MatLab and other, which are allow today solving the 
complex physical problems, such as simulation of 
discharge systems with located plasma region and with 
interacted fluxes of charged particles. In the published 
papers the ion concentration in anode plasma is estimated 
by solving the algebraic equations of ions balance with 
taking into account the equation of discharge self-
consistency. Firstly was found very important analytical 
relation for position of plasma boundary relative to the 
cathode [10]. When position of plasma boundary, and, 
certainly, plasma volume, is known, was obtained the 
correspondent simple relations for ion concentration [7, 9, 
11], for current of main discharge and for current of 
additional discharge [9, 11].  

Provided theoretical investigations allows to estimate 
the beam current of triode GDEG and its’ energetic 
efficiency, and, finally, possibilities of its’ applying in the 
modern electron-beam technologies. Complex 
methodology of estimation of triode GDEG parameters and 
characteristics was described in paper [7]. The aim of this 
article is considering of energetic efficiency of triode HVGD 
electrodes systems for different values of acceleration 
voltages and pressure of operation gas. 

Analyzed physical processes in high-voltage glow 
discharge. For solving the task of analyzing the anode 
plasma parameters and for finding the energy distribution 

in HVGD solving of equation system for ions’ balance in the 
discharge gap with taking into account the condition of 
discharge self-consistency is necessary [8]. Therefore, 
writing and analyzing the equation of ion balance in the 
anode plasma in the first step of simulation is needed. It is 
well-known fact from HVGD theory, that anode plasma 
formed as a result of gas ionization by the several groups 
of electrons, including fast beam electrons and slow 
electrons, reflected from the anode [12]. In triode 
electrodes systems gas ionization in additional, non-self-
maintaining discharge, also must be taking into account 
[10]. Among another discharge processes interaction of 
particles fluxes with themselves and with the electrodes 
surfaces are also very important and must be analysed [8, 
10]. Anode plasma in the physical models of HVGD 
electrodes systems is usually considered as the source of 
ions and as transparent to electrons moving electrode with 
the fixed potential [1, 8, 10]. Among the fluxes interaction 
processes, the gas ionising by fast and slow electrons and 
the resonance recharging of accelerated ions’ on the 
molecules of residual gas are very important [1, 7]. Among 
the processes, taking place at the electrodes surfaces, 
grate role play the emission of electrons from the cathode 
surface as a result of its’ bombarding by the accelerated 
ions. Although emission of slow electrons from the anode 
surface as a results of its radiation by the flux of fast 
electrons must be also taking into account [1, 7–12].  

Structure of investigated HVGD electrodes systems 
and its parameters. Therefore analyzing of necessary 
physical processes is very complex, for simplifying the 
theoretical estimations one-dimensional auxiliary triode 
HVGD system is considered [7, 9–12]. This is a system 
with plane cathode, cylindrical anode and with the ring-lake 
additional electrode for lighting of low-voltage, non-self-
maintained discharge. As must be pointed out, that 
different geometry of electrodes is also possible, but in any 
case for lighting of additional discharge the condition of 
hollow-cathode geometry must be fulfilled. For example, 
the system with the negative cylindrical hollow additional 
electrode was presented in the paper [3]. Anode plasma, 
as have been pointed out, considered as the moving virtual 
electrode with the fixed potential [1, 7–12]. Basic structure 
scheme of simulated HVGD electrodes system is 
presented at Fig. 1 [7, 9–11]. 
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Fig. 1. Scheme of simulated HVGD triode electrodes system.  
1 – cathode; 2 – HVGD anode; 3 – electrode for lighting  

of additional discharge; 4 – low-voltage insulator; 5 – high-voltage 
insulator; 6 – anode plasma; 7 – anode plasma boundary;  

8 – electron beam; 9 – ion flux; 10 – treated item. 
 
As have been pointed out, considered system contains 

three main electrodes: HVGD cathode 1, HVGD anode 2, 
which also can be considered as a cathode of additional 
discharge, and ring-like electrode 3 for lighting of additional 
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discharge. Negative acceleration voltage acU , which value 
for real electron guns usual lead in the range from 5 kV to 
40 kV, applied to the cathode. Value of positive potential 
on the additional electrode dU  is significantly smaller, 
range of from tens to few hundreds V. Main internal 
parameter of considered HVGD system is the residual 
pressure in the discharge gap 0ap , which, taking into 
account the additional gas ionization in discharge, is 
usually in range 0.1 – 10 Pa [7, 9–13]. The low-voltage 
insulator 4 and high-voltage insulator 5 are established 
between electrodes for providing the conditions of dielectric 
strength. Anode plasma 6 is appeared as a result of gas 
ionization, and plasma boundary 7 in mathematical models 
is considered as ions’ source and as additional virtual 
electrode with the fixed potential [1, 2, 7–12]. Electron beam 
8 is formed as a result of electrons’ emission from the 
surface of cathode 1, which bombarding by the ions flux 9. 
Finally, beam electrons are collected on the treated item 10. 

Main geometric parameters of simulated HVGD electrodes 
system are also pointed out in Fig. 1. There are: longitudinal 
length of discharge gap l , its transversal diameter trd , 
longitudinal length of anode plasma pd , distance from 

cathode to plasma boundary cpd , as well as the cathode 

radius cr . All these parameters will be used later for forming 
complex mathematical model of triode HVGD gap. 

Basic equations of mathematical model of triode 
high-voltage glow discharge gap. For finding the 
currents of main and additional discharges information 
about the value of ions concentration in anode plasma and 
about its volume is necessary. It is clear from Fig. 1, that 
plasma volume in considered system is defined by 
transversal diameter of discharge gap trd  and by the 
longitudinal plasma length pd . 

For defining of ions concentration in anode plasma and 
its longitudinal length consideration of ionization and 
diffusion processes in plasma volume is necessary 
[10, 12]. Therefore, the main equations of forming 
mathematical model are following. 

1. Equation for balance of ions in anode plasma. 
2. Equation for describing the discharge self-

maintaining and self-consistency. 
3. Equations for describing the elementary processes of 

fluxes of charged particles interactions with themselves. 
4. Equations for describing the elementary processes of 

fluxes of charged particles interaction with electrodes surfaces. 
During forming this equations system the main 

considered physical processes are follows. 
1. Gas ionization by the fast beam electrons [7, 10]. 
2. Gas ionization by the slow electrons, reflected from 

the anode surface [7, 10]. 
3. Gas ionization in the additional discharge [7, 9, 10]. 
4. Diffusion of ions from anode plasma in direction to 

HVGD anode [7, 9, 10]. 
5. Resonance recharge of ions on the molecules of the 

residual gas [7, 10–13].  
6. Emission of electrons in the cathode surface, caused 

by its bombarding by accelerated ions [10, 12]. 
All this processes have been described complexly in 

the pervious section of this paper and must be included to 
forming mathematical model of discharge gap. It must be 
pointed out, that in pervious section only the main 
energetic and geometry parameters of formed 
mathematical model have been considered. Really 
described beyond physical processes are very complex 
and depended from many internal parameters of simulated 

system, which defined by using electrodes materials and 
operation gas [7, 10, 12]. All these necessary model 
parameters will be considered and defined below. 

For presented at Fig. 1 triode HVGD electrode system 
the equation of ions balance in the discharge gap can be 
written in the following form: 

,f s dis difz z z z� � �                            (1) 
with fz  – efficiency of gas ionization by fast electrons,  

sz  – efficiency of gas ionization by slow electrons,  

disz  – efficiency of gas ionization in the additional discharge, 

difz  – efficiency of leaving the ions from anode plasma as a 
result of diffusion process [7, 10, 12]. Relations for efficiency 
of gas ionization fz , sz , disz  and of diffusion process difz  
can be written in the following form [7, 10]: 
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where ecj  – density of electron current at the cathode 
surface, eT  – temperature of slow electrons in anode 
plasma, i�  and U�  – coefficients of electrons reflection 
from the anode by the current and by the voltage 
correspondently, f  – transparent coefficient for anode 
plasma, 0Q  – cross-section of ions scattering at the residual 
gas molecules, ek  – coefficient of electrons’ trajectories 
longitude, en  – concentration of free electrons in anode 
plasma, iU  – potential of gas ionization, 0N  – Loschmidt 
constant, k  – Boltzmann constant, iA , ia , �i  – empirical 
constants for defined operation gas and electrodes material, 

0�i  – mobility of ions’ in anode plasma, �a  – secondary ion-
electron emission coefficient from anode surface [2, 5–8]. 
The equation, described the self-consistent conditions of 
HVGD lighting, can be written in such form [7, 9, 10, 12]: 
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where in – ions concentration in anode plasma, e  and 

em  – electron’s charge and mass correspondently.  
Equations system (1–6) is full, closed and self-

maintained, and it can be solved relative to parameter pd . 

With known plasma longitude size pd  ion concentration in  
also can be simply defined from equations (1–6). 

Defining the size of anode plasma. With taking into 
account relations (2–5), equation of ions balance in anode 
plasma can be written in the form: 
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Equation (7) is the cubic equation relatively to parameter 
pd , therefore it can be solved analytically by using famous 

Cordano relations. Corresponded solution is [10]: 
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where �e  – free path of electrons in anode plasma, 1R , 2R , 

3R , 4R , 5R , p , q , u , v  and y  – additional variables, 

eqC  and eqD  – coefficient of solved cubic equation, obtained 

form (7), eqD  – discriminate of this equation.  
Equations (8) are writing for obtaining two geometry 

parameters of simulated electrodes system, which are 
strongly interconnected, namely: longitudinal size of anode 
plasma pd  and distance from cathode to plasma boundary 

cpd  (see Fig. 1). Such approach in this case is very 
important, because volume of anode plasma and ion 
concentration defined by its longitudinal length, but cathode-
plasma distance also used in HVGD theory for defining 
processes in the discharge gap and electron-optical 
properties of elaborated electron gun [7, 8, 10, 12]. 

Clear, that plasma boundary position relatively to the 
cathode surface cpd  is depended from acceleration voltage 

acU , voltage of additional discharge dU  and from residual 
pressure in the discharge gap 0ap . But also all coefficients of 
proposed model depended from using electrodes materials 
and operation gas, therefore defining the conditions of 
HVGD lighting is necessary. In this work calculation with 
using equation system (8) was provided for aluminium 
cathode and cooper anode, the nitrogen was considered as 
operation gas. Such conditions of HVGD lighting are often 
used in industrial electron guns and they are very suitable for 
many technological processes. In conformity with this 
physical conditions such values of coefficients were choose: 
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0 5.3 10 mQ � �� �  Considered range of 

operation pressure was 0 0.1 1 Paap � � , range of 
acceleration voltage  5 30 kVacU � � , and range of the 
voltage of additional discharge is 30 100 VdU � � . At the 
same time the geometrical dimensions of simulated 
discharge gap was: 0.07 ml � , 0.035 mtrd �  and 

0.025 mcr �  [10]. The results for another geometry sizes 
also have been obtained and analysed [7]. 

Dependences of plasma boundary position from the 
acceleration voltage, voltage of additional discharge and 
from the residual pressure in the discharge gap are 
presented in Fig. 2. These dependences are very important, 
its’ allows to make necessary conclusions about the 
singularity of operation of GDEG.  
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Fig. 2. Dependences of cathode-plasma distance  
from residual pressure in the discharge gap (a)  

and from the voltage on additional electrode (b):  
a – Uac = 10 kV; 1 – Ud = 30 V, 2 – Ud = 50 V, 3 – Ud = 80 V,  

4 – Ud = 100 V; b – pa0 = 0.5 Pa; 1 – Uac = 30 kV, 2– Uac = 15 kV;  
3 – Uac = 5 kV 

 
First conclusion is, that cathode-plasma distance cpd  is 

decreasing with increasing the residual pressure in 
discharge gap 0ap  and with increasing the voltage of 

additional discharge dU . These conditions are 
corresponded to increasing of plasma volume, and 
therefore ions’ concentration in plasma and the current of 
main discharge are also increased. The current of 
additional discharge is defined by concentration of charged 
particles in anode plasma and by the square of surface of 
plasma boundary. However, the simulation results shown, 
that increasing of plasma volume takes place only to the 
defined limits, and the minimum value of cathode-plasma 
distance min

cpd  defined by simple relation: 

min
cp trd d� .                                    (9) 

The second conclusion is, that anode plasma position 
relative to the cathode cpd  is strongly depended from the 

residual pressure in discharge gap 0ap , but the 

dependence of cpd  from the acceleration voltage acU  is, in 

contrary, very weak. Since cpd  is strongly influence to the 
current of formed electron beam and to the self-maintained 
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electron-ion optic in HVGD [1, 8, 12], it is clear, that in 
control systems, where HVGD current stabilized by 
changing the potential on additional electrode, the pressure 
in discharge gap also must be precisely stabilized. 

With known size of anode plasma pd  ions concentration, 
as well as the currents of main and additional discharges 
also can be defined from equations (6, 7). 

Defining the currents of main and additional dis-
charges, as well as efficiency of electron gun. Since the 
longitudinal length of anode plasma pd  is known from the 
relations (8), ions concentration of ions in plasma can be 
calculated from following equation, which are obtained from 
the equation of discharge self-maintained (6) [7, 9, 11]: 
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where 1C , 2C , 3C  and 4C  is the additional variables. 
From equations (8) and (10) can be obtained the simple 

relations for the currents of main and additional discharges. 
The current of additional discharge is defined as [11]: 

� � � � 2
� � � � � ���d

d i tr tr p
i

eUI en r r d
m

� � �
2
tr

tr
dr � ,     (11) 

where mi – mass of the ions of operation gas. And the 
current of HVGD is defined as [7, 9]:  

� � � �2 �

1
2

i p e d-a
e c i i ac

e

ed kT eU
I r n AU

m
�

� � .            (12) 

With known currents of the HVGD and of additional dis-
charge from equations (11, 12) the energetic efficiency of 
triode GDEG can also be estimated. In the book [12] by 
analyze of energetic balance in the electrodes and in the 
diode discharge gap was shown, that energetic efficiency 
of diode GDEG can be defined by the following equations: 

� �
� �

02 1 2
1

2 1
d d i

d
d d

k k
k k

� � ��
� � �

� �
,       0 0d ak lp Q� .      (13) 

Provided theoretical estimations and experimental 
researches of energetic efficiency of diode GDEG are shown, 
that the energy loses in the volume of discharge gap is very 
small, and it is caused by the low value of the residual 
pressure 0ap . Therefore the volume loses can be neglect, 
and total loses at the cathode and the anode in diodes high 
voltage glow discharge electrodes’ systems are usually 
nearly 10% [12]. In such conditions, with known currents of 
main and additional discharges, which are defined by 
equations (8, 10–12), and considering also equations (13), 
energetic efficiency of triode glow discharge electron guns 
can be simply defined from following relation [7]:  

�
�

�1

d
t

d d d

ac e

U I
U I

�
�

.                              (14) 

Obtained simulation results and its discussion. 
Obtained theoretical dependences of triode GDEG 
energetic efficiency from acceleration voltage, from the 
voltage on the additional electrode and from the residual 
pressure in the discharge gap are presented at the Fig. 3.  

It is clear, that GDEG energetic efficiency is increased 
with increasing of acceleration voltage, with increasing 

the voltage on the additional electrode, and with 
decreasing of operation pressure. In any case, the 
energetic efficiency of triode GDEG is very high value and 
lead in range 80–90%. That value is closed to 
corresponded parameter for the similar diode electrodes 
systems [8], therefore the energy loses in additional 
discharge really is not very high, its estimation level is few 
percent. It caused by the low voltage of additional 
discharge and by the high efficiency of gas ionization in it. 
Furthermore, reducing of pressure in the discharge gap in 
triode GDEG given the advanced possibilities of its 
applying in the modern electron-beam technologies, in 
such technological processes, where the high level of 
vacuum is necessary. For example, deposition of complex 
compositions from metals and dielectrics films in the 
microelectronic and nanoelectronic production is possible. 
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Fig. 3. Dependences of GDEG  

efficiency from acceleration voltage, voltage  
on additional electrode (a) and residual pressure (b):  

a – pa0 = 0.5 Pa; 1 – Ud = 80 V, 2 – Ud = 70 V, 
3 – Ud = 60 V,  4 – Ud = 50 V, 5 – Ud = 40 V, 6 – Ud = 30 V; 

b – Ud = 50 V; 1 – pa0 = 0.2 Pa, 2 – pa0 = 0.4 Pa, 3 – pa0 = 0.5 Pa,  
4 – pa0 = 0.6 Pa, 5 – pa0 = 0.8 Pa, 6 – pa0 = 1 Pa 

 
Since the plasma size and the current of formed 

electron beam are strongly depended from the residual 
pressure in the discharge gap, with realizing of electric 
control and stabilization of beam power stabilization of 
residual pressure is also necessary. But in any case 
regulation time constant for HVGD systems with electric 
control is in range of tens’ or hundreds microsecond, and 
this small value of time regulation constant is very suitable 
to thermal processes of modern electron-beam 
technologies [2, 5, 6, 14, 15].  

Provided theoretical investigations and estimations 
are shown the high level of energetic efficiency of triode 
GDEG. Therefore these investigations confirmed that 
elaboration of industrial constructions of such guns and 
its applying in modern electron-beam technological 
equipment is very promising. 

Conclusion. Proposed mathematical model of triode 
HVGD electrodes systems based on solving of analytical 
equations for defining plasma boundary position, its volume 
and the concentration of ions in it. All main physical 
processes are taking into account. Therefore, in spite of the 
simplified one-dimensional model of discharge gap, 
obtained results are very adequate. Experimental 
measurements of discharge current also have been 
provided, and disagreement between theoretical and 
experimental data was in range 15%. Therefore proposed 
model is very suitable to providing preliminary calculations 
in the first step of designing of industrial guns. 

In any case, numerical simulation shown, that energetic 
efficiency of triode GDEG is in range 80–90% for different 
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acceleration voltage, voltage on the additional electrode 
and the residual pressure in the discharge gap. Therefore, 
taking into account the small time constant for electrical 
method of beam current control, such guns are very 
promising to application in modern electron-beam 
technological equipment. Creating of novel up-to-date 
technologies with using high-effective and cheap triode 
GDEG is also possible. 
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MAIN PROBLEMS OF ANTICANCER DRUGS’ MODIFICATION 
 

Limit capabilities and low efficiency in the treatment of locally advanced and disseminated forms of cancer shows that anticancer drugs 
are need to be modified. This modification needs solving some special tasks. So there was created the program of their realization. There 
are main tasks and results, shared at this moment, shown in this article. 

Keywords: cancer, oncodrugs, modification, radiation, bubstones. 
 
The experience of anticancer chemotherapy has shown 

limit capabilities and low efficiency in the treatment of locally 
advanced and disseminated forms of cancer. One of the 

most actual problem of modern pharmacology and oncology 
practice is an identification of new biologically active 
materials, studding of their physical-chemical and 
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