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Numerical modeling of  the plasma parameters, generated during   

electron beam welding 

Dmitriy N. Trushnikov, Georgi M. Mladenov  

 

It is described a model of plasma formation in the crater in liquid metal as well as above electron 
beam welding zone.  Model is based on solution of two equations for density of electrons and mean 
electron energy. The mass transfer of plasma heavier particles (neutral atoms, excited atoms and ions) 
is taken in the analysis by diffusion equation for multicomponent mixture. Electrostatic field is 
calculated by Poisson equation. On crater wall is calculated thermion electron emission.  Ionization 
intensity of vapor by beam electrons and high-energy secondary and back-scattered electrons is 
calibrated using plasma parameters in the case of lack of polarized collector electrode above welding 
zone. The calculated data are in good agreement with experimental ones. The results of plasma 
parameters in the case of excitation of non-independent discharge are given. There is shown need to 
take in account effect strong electric field in the crater near the crater wall on electron emission 
(effect Schottky) at calculation of current non-independent discharge.  Calculated electron draft 
velocities much bigger than velocity, at which is arising current instabilities. This confirm assumed 
idea for beginning ion-acoustic instabilities, observed also experimentally.  

Числено моделиране на формирането и параметрите на плазмата, генерирана по 
време на електронно-лъчево заваряване (Д. Трушников, Г. Младенов). Описан е модел на 
формирането на плазма в кратера в течния метал над зоната на заваряване с електронен лъч. 
Моделът се основава на решаване на две уравнения за електроните и за средната електронна 
енергия. Масовия пренос от тежките плазмени частици (неутрални атоми, възбудени атоми 
и йони) е анализиран от дифузионното уравнение за много-компонентна смес.  
Електростатичното поле се пресмята с уравнението на Поасон. Термоелектронна емисия от 
стените на кратера се отчита. Интензитета на йонизация на парите от електроните на 
снопа и от обратно-отразените електрони се калибрира, използвайки параметрите на 
плазмата в отсъствие на колектиращ електрод над зоната на заваряване. Пресметнатите 
данни са в добро съответствие с експерименталните данни. Дадени са плазмените 
параметри, пресметнати при възбуждане на не-самостоятелен разряд. Показана е 
необходимостта  да се отчита силното електрическо поле около стените на кратера върху 
електронната емисия (ефект на Шотки) при пресмятане на несамостоятелния разряд. 
Пресметнатите дрейфови скорости на  електроните са много по-високи от скоростите, при 
които възникват токови неустойчивости. Това подкрепя представата за възбуждане на 
йонно-акустични вълни, които са наблюдавани и експериментално. 

 

Introduction 

Electron beam welding is wide distributed 
technology for joining of metals due to numerous 
advances in comparison with other welding 
technologies. In the same time, optimization and 
quality improvement are empirical or based on 
applications of statistical methods, due to complex 
character and lack of models of physical processes in 

the crater in welding bath.   One of phenomena 
during interaction of concentrated energy beam with 
metal sample is generation of low temperature 
plasma in welding zone [1-10]. Study of plasma 
parameters and their relation with process product 
performances will help to extend knowledge for 
control of electron beam welding and approaches for 
its optimization. Difficulties of experimental 
measurement of plasma parameters in the crater in 
the welding bath forced the investigators to estimate 
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plasma parameters in the crater based on few 
experiments in plasma plume above the welding 
zone [2,3] or using indirect data  [9,11]. 

Electron current, collected from plasma, 
generated during electron beam welding  

One application of plasma, generated in electron 
beam welding zone by powerful beam of accelerated 
electrons is to carry information for interaction of 
beam with material and to be used for control of the 
technology process. In the case of situated a polarized 
from +50V to +100V metallic collector electrode in 
the plasma plume above welding zone, the electro-
conductive plasma provide conduction of enough big 
current. This current can be considered as non 
independent discharge with hot cathode (overheated 
spots of the crater walls on which beam transfer 
kinetic electron energy into heat) and anode-collector 
electrode.  

The non independent discharge in metal vapor and 
removed gases during electron beam welding is 
dominated by intense electron beam, which play the 
next functions: 
•  provide quasi-steady input of the metal vapor  in 

the discharge zone;  
•  stimulate generation of the low temperature 

plasma in welding zone by ionization of the metal 
vapor through electron-atom collisions; 

•  lead to  intensive thermion electron emission 
from overheated areas liquid or solid metal 
surfaces. 

In former time was achieved success in studies and 
use of non independent electron current for control of 
the beam focus during EBW [12-15]. In the same time 
some difficulties of interpretation of obtained results 
is existed. There is a lack of models, determining 
formation of non independent discharge.  

Description of the mathematic model 
In the last years a wide distribution have the 

packages of applied software. In this paper is 
described At simulation collecting electron current on 
positive electrode in plasma above welding zone was 
used package applied  programs Comsol 4.3, Plasma 
Module, extension DC Discharge[16]. 

Scheme of registration non independent discharge 
current is shown on fig.1.  Discharge glows between 
two electrodes – grounded sample (cathode) and ring 
collector of plasma electrons (anode). Collector 4 is 
situated bellows the end of electron gun in the 
grounded vacuum metallic chamber. In the outer 
collector circuit trough load resistor 6 of 50 Ω is 
connected positive voltage of 50 V. 
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Fig.1. Scheme  of registration of non independent discharge 

current in  plasma, generated above the interaction zone 
during electron beam welding:1 – electron gun; 2 – 

focusing lens; 3 – plasma, generated above the welding 
zone; 4 – collector ; 5 – registration of data; 6 – load 

resistor; 7 – voltage source; 8– welded sample 

Calculations are executed in axis-symmetrical 
cylindrical coordinate system. Plasma is generated due 
to vapor flow ionization by electron beam and by 
accelerated from outer electrostatic field thermion  

The electron density and mean electron energy in 
plasma, generated during EBW are computed by 
solving drift-diffusion equations for the electron 
density and mean electron energy. [17-21]. 
Convection of electrons due to ion motion, drifted 
with gas flow is neglected. 
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There ne is electron density, µe – electron mobility, Re 
– electron source intensity, nε - volumetric density of 
the electron energy and Rε - energy loss due to 
inelastic collisions,  E – electrostatic  field intensity. 

Electron flux eΓ
r

 can be determined as׃ 
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Electron source Re and energy loss due to inelastic 
collisions Rε will be defined later.  

The electron diffusivity De, energy mobility µε and 
energy diffusivity Dε are computed from the electron 
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mobility µe using relations:  

.,
3

5
, eeeee TDTD εεε µµµµ ===            (4) 

The source coefficients in the equations (1, 2) are 
determined, using rate coefficients. In the case of rate 
coefficients, the electron source term in equation (1) is 
given by: 
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where xj is the mole fraction of the target species 
for reaction j, kj is the rate coefficient for reaction j 
(m3/s), and Nn is the total neutral number density 
(1/m3).                                                                                

The electron energy loss is obtained by summing 
the collisional energy loss over all reactions: 
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where ∆εj is the energy loss from reaction j (eV).  
The rate coefficients may be computed from cross 

section data by the following integral: 

∫
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where γ = (2q/me)1/2 (C1/2/kg1/2), me is the electron 
mass (kg), ε is energy (eV), σk is the collision cross 
section of molecule or ion (m2) and f(ε) is the electron 
energy distribution function. In this case a Maxwellian 
distribution of electron energy is assumed.  

For the mass transport description of non-electron 
species in the plasma (ions, neutral atoms and excited 
neutral atoms), the diffusion equation for multi-
component mixture is solved for the mass fraction of 
each species ׃ 
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where: kj
r

  is vector of the diffusion flow; Rk - source 

intensity for component k (kg / (m3 · s)); u
r

 –average 
velocity environment vector (m / s); ρ  - denotes the 

density of the mixture  (kg/m3); ωk – mass portion of k-
component . 

The vector of diffusion flux can be calculated as: 

   kkk Vj
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where and kV
r

 is the multicomponent diffusion 

velocity for species k. 
The electrostatic field is computed using the 

Poisson equation: 

0
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ε
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There U is potential of electrostatic field. The space 
charge density ρ0 is computed based on the reactions 
specified in the model using the formula: 
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The drift-diffusion equations (1) and (2) are 
applicable only in the cases of calculation for plasma 
with collisions between plasma particles (the effective 
cross-sections for collisions of electrons, ions and 
neutral atoms are leads to mean free paths smaller 
than container dimensions). These conditions are 
satisfied only at vapor densities in the crater in 
welding bath. At retirement from the crater output 
plasma becomes collisionless [7]. Expansion of the 
plasma there is described continuity equation׃ 

dtdj /0ρ=⋅∇
r

                       (12) 

After exchange Eqnj e

rr
µ=  and dividing two sides 

by q is resulting to eq. (1) without diffusion, that 
together with Poisson equation (10) determine 
electron motion in collisionless conditions. In our case 
the values 0 was given to diffusion coefficient in 
equations (1) and (2).  

Boundary conditions 
The calculated geometry area is given on Fig. 2. 

The crater walls 1 are accepted as a cutted cone.  The 
sign. 2 is the collector; 3 is the grounded technology 
vacuum chamber wall.  

 
Fig. 2. The geometry of calculating space1 ׃- crater in the 

welding bath; 2 – collector of electrons; 3 – vacuum 
chamber walls 
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Non-independent discharge is connected with 
thermion electron emission from overheated by 
electron beam spots of crater wall. At polarized from 
+50  to +100 V collector and self-determinate 
detaining potential for keeping the plasma electrons of 
+1 V to +3 V  all thermion emitted electrons are 
accelerated and can ionized vapor particles. In this 
way the charged particles near hot spots increased. 
The current in circuit with voltage source and any 
outer resistance is determined generally by the ratio of 
the difference between voltage of outer source and 
plasma potential to the sum of inner and outer 
resistances. 

The electron are loosed on chamber walls, as well 
as on crater walls in result of random movement 
(transverse velocity bigger one threshold) and gained 
due to beam electron ionization, secondary emission 
effects, resulting in the following boundary conditions 
for electron flux: 
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and for electron energy flux: 
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the,ν  is the thermal velocity. The second term in right 

hand side of equation (13) is describing electron 
generation due to secondary effects of discharge 
radiation, γр is coefficient of secondary emission. The 
second term in equation (14) is the energy flux of 
beam and secondary irradiations, εp – is average 
energy of electrons.  

The ions are loosed on walls due to surface 
reactions (recombination) and that electrostatic field is 
directed to the walls. 
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Thermion electron emission from the overheated 
crater wall is determined by Richardson-Dushman 

equation )/exp(2 kTeATj ϕ−= , where ϕe  is 
work function of the emitter, Т is temperature, A is 
constant; k is Boltzmann constant.   

The boundary conditions for electron flux in/from 
the crater are described 

ejn e /=Γ⋅−
rr

                                 (16) 

Reaction of gaining electrons 
During EBW of alloys in the vapor could be 

various chemical elements. As example at welding of 
chromium-nickel steel in the vapor there are similar 

portions iron, chrome and manganese [11].   
In [9] is proposed to use the mean values for the 

mass and for the ionization energy. 
 In Table 1 the accepted reactions and the values of 

energies loosed or gained during these reactions are 
given. The reactions between the electrons and the 
excited or ionized atoms are neglected due to their 
small quantity in the vapor. With A is signed the an 
average atom, participating in reactions governed 
plasma parameters. 

 Table 1. 
Accepted reactions for calculations of the parameters of the 

non independent discharge 

Reaction Formulation 
Kind 

interaction 
energy ∆ε 

(eV) 
1 e+A=>e+A elastic 0 
2 e+A=>2e+A+ ionization 7.35 
3 e+А=>e+А* excitation 3.084 

4 A=>e+A+ 
Beam 

electron 
ionization 

-7.35 

 
Reactions on boundaries are listed in Table 2.  

Probability of de-excitation or de-ionization 
(recombination) of excited or ionized atoms is given 
by their sticking coefficients   

Table 2. 
Sticking coefficient of atoms on wall surfaces 

Reaction formulation Sticking coefficient 

1 A*=>A 1 
2 A+=>A 1 

Results of calculations in case without collector 
(collector is grounded) 

Vapor ionization by the beam electrons is 
described with reaction 4 (Table 1), realized along the 
beam axis. The negative absorbed energy of created 
electrons is the accepted as their mean energy.  
Additionally important role take ionization of 
secondary and back scattered electrons. Distribution 
of these electrons was chosen as cosine one in respect 
on the local surface. 

   Intensities of reaction sources were chosen 
taking in account the cross section of these reactions 
at mean energy of the ionizing electrons, 
concentration of particles. The results were calibrated  
by the experimental data.   
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Fig.3. Dependence of plasma  concentration on distance 

from interaction zone on welded sample surface 

On fig.3 are shown the results of simulation the 
concentration of the plasma above welding bath. 
Points on the same figure are experimental values of 
dependence of the concentration of plasma on the 
distances from welding bath. There the distance 

2 2R z r= +  were changed in direction of 45o 
respectively sample surface; z is distance between the 
collector electrode and sample surface and r is 
distance of center of the collector electrode and beam 
axis. On fig.4 are given the dependence of distribution 
of electron density on distance from welding zone R 
in log scale. The character of dependence is in good 
agreement with generalized experimental as well 
calculated data in [7] on expansion of the plasma 
column under electron beam metal interaction.   

 

 
Fig. 4. Dependence of electron density above sample on 

distance R from welding zone 
 

 
Fig. 5. Dependence of the electron density on beam axis z 

in the welding crater 
 

 
Fig. 6. Ionization degree from coordinate z in the crater 

and above sample surface 

On fig. 5 and fig.6 are shown the plasma density 
and  ionization degree along beam axis. The origin of 
the coordinate z (z=0) is situated on sample surface. 
The positive values of z are above the sample surface 
(respectively above the welding zone). The ionization 
degree in the crater in liquid welding bath is of order 
of 10-2, that is in good agreement with experimental 
data [2]. Above the crater in welding bath the 
ionization degree decreases quickly. 
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Fig.7 Electron temperature in the crater and above the 

welding zone 

 
Fig. 8 Potential distribution in the crater in welding bath 

and above the welding zone 
 
On fig. 7 and fig.8 are shown the results of 

calculation of the electron temperature distribution 
and respectively the plasma potential distribution in 
the case of electron beam welding with grounded 
collector. The plasma potential values and the electron 
temperature values becomes maximal in the upper part 
of the crater, near the crater orifice. Above the crater 
the plasma is around 1V and electron temperature is of 
order of 3 000 K, that is in good agreement with data 
in [2, 3, 7]. 

Calculation results of the plasma parameters in 
the case of non-independent discharge 

The computer simulation results in the previous 
part are presenting the case of usual situation of 
electron beam welding. The obtained results for lack 
of positively polarized collector are also results of 
lack of non-independent discharge and a calibration of 
the following calculations. At excitation of non-

independent discharge by polarization the collector 
with positive potential of + 50 V. This case is 
situation in experimental papers studying the 
oscillations of the collecting by plasma current [13, 
14, 15], when the collector was connected to a voltage 
source through a load resistor of 50 Ω. 

 

 
Fig.9  Potential distribution at excitation of non-

independent discharge: (а) in the vacuum chamber space 
(b) magnified fragment 

 
The changes are seen in plasma potential 

distribution (Fig. 9). The plasma potential practically 
in the whole space becomes similar to the collector 
potential. In concrete simulation plasma potential is 
20 V that is corresponding to the collected current of 
0.6 А. The plasma potential value decreases due to 
voltage drop on load resistor in the collector circuit 
serially to voltage source.   

Near sample surface there is a layer, were the 
potential is falling to zero. On the upper part of the 
crater this layer becomes very thin, that leads to a 
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strong electrostatic field there.  The calculations show, 
that in this part of the crater wall the intensity of 
electrical field can reach 106 V/m. This strong electric 
field decrease the height of potential barrier on liquid 
metal surface and electron emission   in this case is 
described by Richardson- Schottki 

)/(exp(2 kTeEeATj k−−= ϕ             (17) 

where Ek – electrostatic field intensity. The thermion 
current value increases from about three way near the 
crater bottom and about 7 way around the crater 
orifice.  

 
Fig. 10 Potential distribution on radius of the crater in one 

half of the crater cross-section in the middle part of the 
depth of the crater 

On Fig. 11 is given distribution of the electron 
temperature at excitation in the plasma non-
independent discharge. разряда. One can see, that 
temperature is about 104 K (about 1 eV). Near the 
crater orifice have a drop of electron temperature and 
a increase near the vacuum chamber walls. 

At this position of collector the increase of non-
independent discharge current is limited from 
transformation of plasma state to an anomalous 
resistance state and excitation of current high 
frequency oscillations [21]. 

The calculation of draft electron velocity shows, 
that its value in all studied space is about 0,8-1.106  
m/s . This is much more than critical values of phase 
velocity at which the anomalous conductivity of the 
plasma is observable [21-24]. As a result, some 
impulses instead a steady current are observable. 

For ionic-acoustic oscillations, in the case of large 
wavelengths, the dispersion relation takes the form of 
a linear dependence, which is characteristic of sound 
waves. If a consistent frequency and arbitrary 
velocities are typical for Langmuir ionic oscillations, 

then in ionic-sonic waves the speed is constant, but 
the frequencies may take on a wide range of values, 
depending on the wavelength. We will assume a 
wavelength equal to the typical size of the system (a 
working distance of 100 mm). In this case, the 
frequency turns out to be equal to f=Vs/λ~16 kHz, что 
хорошо согласуется с работами [25, 26]. 

 

 
Fig.11. Distribution of the electron temperature in crater in 

welded sample and vacuum chamber at excitation in the 
plasma a non-independent discharge. 

Conclusion 
1. It is described a model of plasma formation in the 

crater in liquid metal as well as above electron 
beam welding zone.  Model is based on solution 
of two equations for density of electrons and mean 
electron energy. The mass transfer of plasma 
heavier particles (neutral atoms, excited atoms 
and ions) is taken in the analysis by diffusion 
equation for multicomponent mixture. 
Electrostatic field is calculated by Poisson 
equation. On crater wall is calculated thermion 
electron emission.   

2. Ionization intensity of vapor by beam electrons 
and high-energy secondary and back-scattered 
electrons is calibrated using plasma parameters in 
the case of lack of polarized collector electrode 
above welding zone. The calculated data are in 
good agreement with experimental ones.  

3. The results of plasma parameters in the case of 
excitation of non-independent discharge are given. 
There is shown need to take in account effect 
strong electric field in the crater near the crater 
wall on electron emission (effect Schottky) at 
calculation of current non-independent discharge.  
Calculated electron draft velocities much bigger 
than velocity, at which is arising current 
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instabilities. This confirms assumed idea for 
beginning ion-acoustic instabilities, observed also 
experimentally.  
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