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At present the area of industrial application of electron beam technology is constantly expanding. 
Today, there are new materials, technologies and standards, and thus approaches to the design of 
electron beam systems must be rebuilt. In order to meet the technological and technical requirements, 
which are often contradictory, it is necessary to implement integrated design techniques based on the 
solution of interdisciplinary problems. Precision calculation method of electron-optical systems must 
take account of the specific features of technological processes, such as the effect of space charge in the 
cathode region and the formation of ion beams in the accelerating field. It is absolutely necessary to 
consider the influence of the dynamic processes in the supply sources on the electron gun operation. 
Especially critical influence of transients in power supplies with pulse control of the beam parameters. 
In the paper the main problems of building welding technological complexes and methods for their 
solution are considered. 

Модерни проблеми и методи на разработка на системи за електроннолъчево 
заваряване (А. Щербаков, А. Гончаров, А. Козеченко, А. Горденко, А. Слива, В. Балашов, В. 
Драгунов, В. Рубцов). Понастоящем областта на индустриални приложения  на 
електроннолъчевите технологии постоянно расте. Днес има нови материали, технологии и 
стандарти, и така подходите за конструиране на електроннолъчеви системи  трябва да се 
обновят. За да се посрещнат  технологичните и технически изисквания, които често си 
противоречат, е необходима да се въведе техника за интегрално конструиране, базирана на 
решения на интердисциплинни проблеми. Прецизното пресмятане на електронно-оптични 
системи трябва да е съобразено със специфичните особености на технологичните процеси, 
такива като обемния заряд в катодната област и формирането на йонен сноп в 
ускоряващото поле. Абсолютно е необходимо да се разгледа влиянието на динамичните 
процеси в  захранващите източници върху работата на електронните пушки и по-специално 
критичното влияние на преходните процеси в мощните захранвания с импулсно управление на 
параметрите на снопа. В работата са разгледани главните проблеми на създаване 
технологични комплекси за заваряване и методите за тяхното решаване. 

 

Introduction 
It is known that the design of the electron beam 

welding system is a very sophisticated problem. 
Since 1950s, when the first industrial welding 
machines were built [1], to present time, the 
elementary bases of electronics, mechanics and 
vacuum equipment were totally changed several 
times. It is obvious that in such circumstances the 

development of welding machines needed to involve 
specialists from various fields - electron optics and 
beam physics, materials science, power electronics 
and electrical engineering, vacuum technology and 
control systems.  Such specialists will find the best 
solutions for your area that will economically and 
technically justified. However, developing meet 
specific requirements coming from the technology, 
often contradictory. Such as the requirement to 
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reduce the output capacitance of high-voltage power 
supply to reduce the stored energy released in the 
breakdown [2], contrary to the requirement to 
smoothing the output voltage, or a request to increase 
the working distance of the electron gun contrary to 
the requirement to minimize the size of the gun. 
Most of these requirements lies in the construction of 
the components: electron beam gun, power supplies, 
control system.  

For many years, the task to harmonize these 
requirements and alignment of construction welding 
machines were placed on the unique interdisciplinary 
experts of world renown, guided by a rich experience 
of such developments. Today the development of 
modeling techniques can solve most of these 
complex problems, which of course does not exclude 
the need to participate in the development of high-
class specialists, but can reduce the complexity of the 
task of designing equipment.    

Development methods 
The first task in developing complex equipment for 

electron beam welding is the choice of design and 
modes of operation of the electron beam gun. To 
establish modes of power supplies that meet the 
requirements of the process, it is needed to analyze the 
characteristics of the electron beam. 

In accordance with the classification given in [3] , 
technological welding guns by the influence of the 
space charge of the beam on its geometric 
characteristics intermediate between the guns used in 
analytical equipment (electron microscopes, X-ray, 
etc.) and powerful melting guns. In such systems 
needs simultaneous consideration of the space-charge 
spread of charged particles from the initial velocity 
and shape of the emitter [4]. 

To take into account all these factors is necessary 
to solve the problem of calculating the trajectories of 
the electrons leaving the cathode with an initial energy 
spread from 0 to a few eV (depending on the 
temperature of the cathode) , and the emission angle 
scatter ± π / 2 . Electrons move in vacuum Lorentz 
force electric field described in the computational 
domain (Fig. 1 , pos. 6) in the case of axial symmetry 
of the field , the equation 

 

(1)         
0

2

2

2

2 1

ε
ρ−=

∂
∂+

∂
∂+

∂
∂

z

U

r

U

rr

U
 

 
where r and z - radial and axial coordinates, 
respectively, U(r, z)- electric potential, ρ(r,z) - the 
density of the space charge created by the beam of 

charged particles located in the area of the field , ε0 - 
dielectric constant 

For modeling the processes in the electron beam 
guns in the department of automated 
electrotechnological complexes of the Moscow power 
engineering institute, we often use software packages 
“WinCharge” [5], developed in Research centre 
“Orion” and “Elion” – our own software product.  

First software uses the method is implemented for 
the numerical solution of the problem of self-
consistent calculation of the electron guns, free from 
any a priori assumptions about the nature of the 
formation of the electron beam in the cathode region. 
Effect of space charge on the beam path of the 
electrons carried by an iterative method (on the first 
iteration space charge density created by the beam, 
assumed to be zero). 

The second software implements the plurality of 
particles, or in some cases, larger particles and 
processes of ionization of residual gas atoms by 
electron impact, and also modeling an ion beams 
moving towards the cathode. This approach eliminates 
the iterative method for modeling electron and ion 
beams, to investigate the processes of influence of the 
Coulomb field of the particles with different charge 
values on each other, taking into account the energy 
aspects of the passage of charged particles through a 
rarefied gas on the basis of cross-sections for the 
various interactions as well. 

The purpose of modeling is to determine the 
dependence of the energy and geometric 
characteristics of the beam from the control actions 
and the choice of rational modes of power supply. 

As an example, Fig. 1a shows a family of current-
voltage characteristics of the gun ELA-50/5M 
calculated in the software package WinCharge for 
different temperatures of the emitting surfaces. The 
figure shows that the same current values may be 
obtained at various temperatures and various cathode 
bias voltages. Therefore, it is of interest to consider 
not only energy, but also the geometric characteristics 
of the beam. Fig. 1b shows the dependence of the 
maximum beam current density on the bias voltage at 
different temperatures of the emitter. These curves 
have a maximum at a bias voltage of about 300 V. 
The current density increases in the interval 0 ... 300 
due to the fact that under the action of the field control 
electrode "emission spot" of the cathode is reduced, 
and reduces the effect of beam space charge. In the 
interval 300-900 V, current density decreases. In this 
range there is a reduction of current and displacement 
of the crossover to the cathode in a region where the 
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electron velocity is smaller and space charge effects 
more significantly. 
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Fig. 1. Electron beam current I vs bias voltage Uc (a) and 
the maximum beam current density j vs the bias voltage Uc 
(b) calculated at different temperatures of the cathode; 1 - 

2600 K; 2 - 2700 K; 3 - 2820 K; 

For example, in welding at a current of 20 mA 
maximum current density will be provided at a 
temperature of 2700 K and the cathode bias voltage of 
400 V. At small values of currents (e.g. 12 mA), the 
maximum density is observed at the lower 
temperature of the cathode - 2600 K and a bias 
voltage of 300 V. At the maximum temperature of the 
cathode - 2820 K and a bias voltage of 300 V is 
achieved maximum beam current density - 4.7 A/mm2 
at a current of 38 mA. 

Analysis is performed in a wide range of variable 
parameters - temperature of the cathode, bias voltage, 
cathode distance from the control electrode, etc. Using 
computer simulation calculations can be carried out 
such important geometric characteristics of the beam, 
the position and the radius of the virtual crossover [3], 
the aperture angle in the focusing lens and the current 

density distribution in selected sections. The aim was 
to determine the characteristics and modes of supply 
sources, ensuring the formation of beam control his 
power in a given range with the required accuracy and 
stability and trouble-free operation. 

«Elion» program designed to calculate the motion 
of charged particles - electrons and ions. As is known, 
the trajectories of charged particles in axis-symmetric 
electrostatic fields are flat and lie in a curved plane 
passing through the axis of symmetry [4]. 
Acceleration components purchased particle motion in 
axis-symmetric electrostatic field due to the Coulomb 
force, are the projections of the electric field vector E. 
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For modeling various processes of electron 
scattering by atoms and molecules of residual gases, 
the program used the Monte Carlo method [6,7]. 
Figure 2a shows the shape of the electron beam in a 
modernized gun ELA-60. Figure 2b shows the 
distribution of the density of the positive ions formed 
in the ionization of gas at a pressure of 0.1 Pa - much 
more than typical pressure. 

The model also takes into account that in the 
process by the ionization of neutral particles is 
reduced leading to reduced particle concentration, and 
reduction in the pressure in the gun. Energy losses are 
calculated discretely for each act of ionization. 

It is obvious that the number of ionization 
increases with increasing pressure, but the interesting 
fact that the maximum number of particles is a 
function of pressure originates near the cathode. With 
decreasing pressure gas density distribution of 
ionization is stretched along the axis z, due to the 
increase of the free path of the particles. This means 
that increasing the average energy of ions bombarding 
the cathode. 

Analysis of the results showed that at pressures of 
1 • 10-3 Pa and below the formation of ion beams can 
be ignored (ion beam current is less than 0.05% of the 
primary electron beam current), and at pressures 
above 1 • 10-1 Pa ion current value commensurate with 
the current of the electron beam. Under this pressure 
the probability of high voltage breakdown is very 
high, that is why the larger pressures are not 
considered. 
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Fig. 2. Distribution of the charge density of the particles in 
the welding electron gun: a - electrons at an accelerating 

voltage of 60 kV and a beam current - 400 mA; B - positive 
ions, formed with the same parameters of electron beam 
and the nitrogen pressure in the gun PN2 = 0,1 Pa; 1 - 

equipotential surfaces; 2 - the density of the electron beam; 
3 - cross-section with a maximum current density of the 

electron beam 

Method for the simultaneous modeling of many 
trajectories of charged particles can also assess the 
degree of compensation of the space charge of the 
electron beam space charge of positive ions in the 
cathode region. It is known that this effect is widely 
used in the ion injection electron beam guns [8] and 
plasma emitter electron beam guns.  

Thus, these programs can be used to calculate the 
geometric and energy characteristics of electron 

beams to specify the potentials of the electrodes, the 
cathode temperature and gas pressure in the electron 
gun. These results can be used for designing the 
power supplies, control systems, vacuum systems and 
mechanical parts of the welding machine. 

Developing the power supplies 
In the Department of Metals Technology of 

Moscow Power engineering institute together with  
ElectroIntel company [8], a stabilized inverter power 
source with digital control and continuously variable 
accelerating voltage from 0 to 60 kV was developed. 
Simplified schematic diagramm is shown in Fig . 3 .  

 

 

Fig. 3. Inverter power source prototype with an 
accelerating voltage of 60 kV 

Through a high voltage cable 2 conductors 1 and 3 
connected to the cathode and the 4 - to the control 
electrode of the gun ELA-50/5M. One feature of the 
design is the location of the source inverter to power 
the heater circuits and offset directly in high-voltage 
circuits. In this scheme, the currents and voltages of 
the heater power source and the bias voltage are 
measured on the load circuit and transmitted in a 
digital form on the optical cables 5 and 6 to the 
control system. Besides, control signals are 
transmitted by the cables 5 and 6 to the heater 7 and 
bias 8 stabilizers. Channel and control the accelerating 
voltage measurement 9 and 10 and the channel 11 of 
the beam current measurement is necessary for 
controlling the main power inverter 12 regulating the 
voltage across the primary winding of the transformer- 
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rectifier unit 13. Auxiliary power inverters inverter 14 
obtains filament and bias using a transformer with 
high voltage insulation. The control system 15 
provides the main inverter stabilization accelerating 
voltage feedback signal from the divider installed in 
the transformer - rectifier unit. Breakdown protection 
system 16 detects overcurrent above values set by the 
operator and interrupts the transmission of power from 
the inverter to the load. Restart the inverter 
automatically after 2.5 ms. 

To analyze the dynamic characteristics of the 
source used models developed in MATHLAB system 
based on the current-voltage characteristics of the gun. 
Thus was created a computerized system for the 
development of complex electronic guns and 
Electronic Equipment, which allows installing 
acceptable modes of power supplies and stabilizers for 
the effects of their work on the geometric parameters 
and energy beams. 

One of the basic model is shown in Fig. 4.   

 
 
Fig. 4. The basic model of power sources with PID 

controllers operating with electron gun built in MATHLAB   

Transformers and inverters of accelerating voltage 
and the bias voltage power sources are presented by 
transfer functions and the filament current source is 
presented by the step function. The internal load of the 
accelerating voltage power supply is modeled by Gain 
function. This simple model is suitable for setting PID 
sources with the influence of transients on beam 
current. In more complex models consider transitional 
processes in the transformer- rectifier unit (for 
example, in resonance control), as well as changes in 
the geometric characteristics of the beam. 

The prototype source is shown in Fig. 5. 
Transformer-rectifier unit is made in a modular 
scheme and protected by patent [8]. All power sources 
have external inputs for analog or digital signals, 
which provides integration executive regulators in the 

process control system. 
Source parameters were determined based on 

analysis of the characteristics of the electron gun (Fig. 
1) . The maximum value of the bias voltage - 900 V. 
The maximum load obtained experimentally at an 
accelerating voltage of 60 kV - 100 mA. Filament 
current range and its regulation was chosen 
experimentally for tungsten foil cathodes with a 
thickness of 80 microns with a size of the emitting site 
1,5 × 1,5 mm. By comparing the experimentally 
obtained and the calculated current-voltage 
characteristics, it was found that the working range of 
the filament current regulation is 16 ... 21 A. The 
maximum filament current source - 25 A. 

 

 
Fig. 5. Inverter power source prototype; a - section of the 

transformer-rectifier unit; b - basic and auxiliary inverters; 
c - transformer-rectifier unit 

At the next stage it is possible to design the 
electromechanical complex of the welding machine. It 
includes a vacuum chamber with a fixture and a 
manipulator and vacuum pumping system. 

Conclusions 
The technique of creating dynamic models of 

power supplies connected to the electron gun, which 
allows assessing the impact of static and dynamic 
errors in regulating current stresses on the geometric 
and energy beam parameters. Based on this procedure 
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a prototype power supply for the electron gun was 
created. This work is described for verification 
techniques allows to consider this promising line of 
research. 
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