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Abstract—Through the numerical modelling methods,
the influence of the wehnelt voltage anode voltage on the
crossover position of the electron beam welding (EBW) was
monitored and analysed. The finite element method (FEM)
is used to obtain the simulation results. The formation of
the electron beam in the electrostatic part of an electron
optic system (EOS) is described by solving the electrostatic
task. To obtain the current emitted from cathode, electrical
and thermal tasks are solved in the cathode node and
Richardson-Dushman equation is used with Schottky
correction. By using the results of the electrostatic field,
the active emission spot is determined. By simulating the
movement of the emitted electrons under the action of the
electrostatic field, the shape of the beam is determined and
the distance between the cathode and the electrostatic focus
is found. The results of the influence of the wehnelt and
anode voltage on the magnitude of the emission current and
the position of the crossover, as well as the beam dimensions
in crossover and anode outlet section at constant cathode
heating current are presented.
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L INTRODUCTION

Welding technological processes are based on
the introduction and thermodynamically irreversible
transformation of one kind of energy into another [1], [2].
In the electron beam welding (EBW), the kinetic energy
of the accelerated electrons is transformed into thermal.
The main advantage of the EBW to electric arc methods
is the high concentration of energy flux and respectively
the high density of the heat flux in the area of interaction
between the focused electron beam and weld joint. This
causes several times the small energy that is introduced
into the welding area, and hence a significantly lower
heat influence in the heat affected zone and the weld. A
keyhole shape of the penetration is obtained and allows
the welding of large thicknesses while at the same time
achieving high welding speeds. The ratio between the
width b and the depth h of the weld profile reaches 1:30
and more. The process of electron beam welding with
the keyhole formation in the welding pool is possible at
densities of the heat flow above a certain critical value [3],
[4]. The electron beam area in which this density exceeds
the critical is defined in [4] as the active zone, and in [5] it

is shown that the quality of the weld is determined by the
shape and position of the active zone relative to the welded
sample. To achieve a high concentration of energy flow,
the quality of the inputted to the electromagnetic focusing
system electron beam is of particular importance. This
beam quality is achieved in the electrostatic part of the
welding apparatus. That is why the study and analysis of
the processes in this part of the electron beam gun (EBG)
is highly important. In this study the processes in the
electrostatic part of the electron beam gun were examined
and the position of the crossover was determined. The
simulation modelling methods [9] and [11] provide a good
opportunity to analyse the influence of the technological
parameters on the physical processes. The modelling of
beam-forming processes creates conditions for modelling
the heat source [14]. In turn, heat sources are the basis
for the modelling of the heating processes of the welded
structure [13].

II. FEM MODELLING

To provide numerical experiments an electrostatic part
of EBG, illustrated schematically in Fig. 1, is used [6] +
[8] and [10]. The cathode is a strip of thickness of 0.1
[mm] and an active surface size of 2x2 [mm].
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Fig. . Modelling geometry used. (a) - a general scheme;
Fig. 2. (b)— wehnelt; c) - anode.

Electrons are emitted from the cathode surface. The
Richardson equation describes the thermionic emission
process. According to this equation, the current density of
the emission is defined as:

Jr = BAT” exp(—%) (1)

Here B is a material-dependent coefficient (for
tungsten the value is 0.38 + 0.40 [10], [12]); T - the
absolute temperature; k - Boltzmann constant; ¢ - work

function (for tungsten ¢ = 4.3 [eV]) and A - quantum
coefficient, defined as A = 4izmekze)/ 1. Here m,

and e are the electron mass and charge, and 4 is Planck’s
constant. Under the EBW conditions, the electrostatic field
intensity E in front of the cathode has a significant effect
on the emission of electrons, which makes it necessary
to include the Schottky effect by using the dependence
(E, is the normal to the cathode surface component of the
electric field intensity):

er,
47e,

Ap =

and (1) may be written as:

. : 1 /e’En 2
Jr-s = BAT? exp(—k%) exp(W Are, )

It is also noted that the emission of electrons is only
performed by the active spot located on the active surface
of the cathode. The condition of this is that the normal
component of the electric field is directed to the cathode

(Fig.2).

Emmision
zone

Fig. 3. Determination of active spot on cathode active surface

It is also possible to emit from other parts of the cath-
ode, but these electrons fall into an electrostatic field,
which returns them to the cathode. Once the electrons fall
into the space between the cathode and the anode they are
accelerated by the electrostatic field. The velocity vector
has three components - axial, radial and orbital. The radial
component leads to the formation of the crossover, and the
axial has the main merit of electron energy at the anode
outlet. Thus, for the simulation modelling of the beam for-
mation, it is necessary to determine the surface tempera-
ture of the cathode and the electric field in the space be-
tween the cathode, the wehnelt and the anode. In the case in
question, the cathode is directly heated (by running current).
To model these processes the tasks to be solved are: electrical
and thermal in the cathode and the cathode node; electrostatic
and motion (of electrons) in the space between the cathode
and the anode. To solve the thermal task in the cathode node,
the differential equation of the heat conduction is used, and
for the electric field equations for the potential and the current
density in the conducting medium. For the electrostatic task,
the Laplace equation was used and the potential and electric
field were determined. These tasks are solved as stationary
for different combinations of control and anode voltages. The
control voltage is negative for the cathode and its absolute val-
ue is changed from 650 to 1150 [V]. The anode voltage is pos-
itive for the cathode and is changed from 30 to 60 [KV]. Since
the parameters defining these processes do not change over
time, these tasks are solved as stationary and fully coupled.

To model the electron movement in the electrostatic field,
a transient task is solved and the following equations are used
for each electron in the electron beam:

d (mgrvi _
—d F; 3
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Here m,_is the relativistic mass of the electron, and F,
is the force acts on it. This force has two components - one
resulting from the interaction with the electrostatic field and
the second is electron - electron interaction. This is how it gets

2 N

Fi:_eE_ 4 ®)

To solve this task, the emission of electrons from the
cathode is generated. Their initial distribution in space is
based on the separation of the active spot in a number of areas.
For this purpose, the mesh on the active surface of the cathode
is used. The number of electrons emitted from each of these
areas is proportional to the emission current of the respective
area.

Factors that affect beam quality in terms of physical
processes are: temperature distribution on the active surface
of the cathode; the shape and dimensions of the spot through
which the electrons are emitted; the structure of the electrostatic
field that defines the beam section in the crossover and the
anode outlet; the electron velocity components (axial, radial
and orbital) of the anode outlet. We only look at the influence
of two of these factors on the position of the crossover, as well
as the beam dimensions in crossover and anode outlet section.

L RESULTS AND DISSCUTION

In our case, the heating current is 37 [A]. Thus, the magni-
tude of the electron beam current is determined by the wehnelt
and the anode voltage. (Fig. 3). It is calculated by integrating
the current on the active surface emission:

Ibeam = .[j.R—S (T, Ew) dS (6)
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Fig. 4. . Beam current vs wehnelt voltage for different anode
voltage

In calculating this integral, the current density is
determined in accordance with (2). This graph shows that at
low anode voltage a relatively low control voltage value is
sufficient to stop the electron emission. The task of moving
the electrons in the electrostatic field is solved only for the
cases where a cathode emission is realized. For these cases
the beam formation is monitored and the distance between the
cathode and the crossover is determined. The overall shape of
the beam is shown in Fig. 4. It narrows to reach the crossover
and expands later. This process depends on the components of
the intensity of the electric field. In Fig. 5 are given examples
illustrating the influence of the anode and wehnelt voltage.

Fig. 5. Overall form of beam.

The measured values (all are in millimeters) of the
distance from the cathode to the electrostatic focus are
given in Table 1. As the anode voltage increases, the
electrostatic focus shifts to the anode. At the same time,
increasing the control voltage leads to the opposite
effect. The reason for this is the change in the structure
of the electrostatic field with the application of these
two voltages - the increase of the anode voltage leads to
higher axial electron speeds and the increase of the control
voltage generates higher centripetal forces. Higher axial
electron velocities lead to less time to pass through the
area in which the focal force acts and the focus shifts to
the anode.

TABLE I. DISTANCE FROM CATHODE TO CROSSOVER

U, Wehnelt voltage U [V]

IKVI 1650 | 750 | 850 | 950 | 1050 | 1150
30 0.8 - - - - -
40 2.4 1.8 1.0 - - -
50 42 3.1 23 1.6 1.0 -
60 5.7 so | 42 2.9 22 1.7
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Fig. 5. Influence of anode (Ua) and wehnelt (Uw) voltage on the electron beam.
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The beam shape is examined in two sections - in the
section of the crossover (blue) and the anode outlet (red)
(Fig. 6). In most of the cases examined, the shape of the
beam in crossover section is elliptical or oval. With the
change in the parameters studied, this shape changes.
Similar is the situation with regard to the shape of the
beam of the anode outlet. The measured values of the
beam dimensions in the indicated sections are shown
in Table II and Table IIl. The deviation from central
symmetry is mainly due to the absence of one for the
cathode’s active surface. These data show that with the
increasing of the absolute value of the control voltage, the
beam dimensions in the section decrease. The acceleration
voltage influences over these dimensions in similar way.

The calculated values for the current density j [mA/
mm?] in the sections considered are given in Table V and
Table VI. Current density in crossover increases with
anode voltage increasing. When the absolute value of the
control voltage increases, this density decreases, due to the
dominant decrease in beam current. At the current density
of the anode outlet the influence of the two voltages is
more complicated. The reasons for this are the change in
the distance between the two sections, the twisting of the
electron beam and the deformation of the section. This
issue will be discussed in a separate publication.

TABLE V. CURRENT DENSITY IN CROSSOVER SECTION

At the same .tlme, the .magmtude of the current is also v Wehnelt voltage U, [V]
decreasing (Fig. 1). To link these values, we determine the (KV]
e . . 650 750 850 950 | 1050 | 1150
current density in the relevant sections. The magnitude of
the current I, [mA] represented in Fig. 3 is given in Table 30 274 0 0 0 0 0
1V for the different combinations of accelerating and 40 | 764 | 633 | 328 0 0 0
control voltage. The effective radius of the beam in the 50 784 | 74.1 722 | 637 | 351 0
crossover r.,.and on the anode outlet r,  is calculated as: 60 773 | 814 | 994 | 677 | 67.0 | 62.1
TABLE II. BEAM DIMENSIONS IN CROSSOVER SECTION TABLE VI CURRENT DENSITY IN ANODE OUTLET SECTION
Anode voltage, [KV] U, Wehnelt voltage U [V]
Uw 30 10 50 60 IKVIL 650 | 750 | as0 | 950 | 1050 | 1150
vl
a b a b a b a b 30 11.9
650 [ 0.6 | 055|082 | 07 |08 ] 085 | 1.0 [ 08 40 73 8.3 12.5
750 | - - | 076 062] 086|079 085 085 50 7.3 6.9 7.7 8.8 11.6
850 - - 0.63 | 0.6 0,8 0.7 0.6 0.9 60 7.9 7.5 7.1 7.4 7.8 9.1
950 | - - - - 074 06 | 088|078
Iv. CONCLUTIONS
1050 | - - - - |07 [o0s58] 08 | 07
1150 | - R R R R ~ o7 | o3 The conclusions reached relate only to the case under
consideration and cannot be said to be of a universal
TABLE III. BEAM DIMENSIONS IN ANODE OUTLET SECTION nature because. of geometﬂ({ally attaCh.ed toa partlc"ﬂar
EBW installation. The main conclusions that can be
Anode voltage, [KV] K
Uw 0 ” ” p drawn are the following.
[Vl 1. The results of simulation modelling of the processes
cldjecfd)c]dfec]d in the electrostatic part of EBG are presented. The
630 10551 08 )25 [235) 28 | 28 ] 28 | 28 influence of the anode and wehnelt voltages on the
750 | - - [20 ] 1.8 28] 26|28 28 position of the crossover, the beam dimensions in
850 | - - L1 [ 09 |24 |22 ]285]265 crossover and anode outlet sections is determined.
950 | - - - - 19| 17| 16| 24 1. By simulation modelling of the processes in the
1050 _ _ _ _ 1.2 1.02 23 2.1 electrostatic part Of the EBG it was fOLlIld that Wlth
150 | - i i i i 152 | 100 increasing the anode voltage the crossover moves to
the anode while the increase of the control voltage
o /_a b % leads to the opposite result.
Ceff — : 2. In the cases considered, the distance between the
cathode and the crossover varies from 0.8 to 5.7
Vdeff =V c.d (8) [mm] depending on the control and anode voltages.
3. The current density in the crossover increases with
increasing the anode voltage. When the absolute
TABLE IV. BEAM CURRENT value of the control voltage increases, this density
U, Wehnelt voltage U_[V] decreases, due to the dominant decrease in beam
IKVI [“6s0 T 750 | 850 | 950 | 1050 | 1150 current. , .
4. Density of beam current in the crossover in the
30 28.4 0 0 0 0 0 o
combinations of control and anode voltages ranged
40 137.8 93.7 39.0 0 0 0 from 27 to 77 [mA/mmz].
>0 180.1 | 1582 | 1270 | 888 | 448 0 5. The beam size of the anode outlet changes from 0.8
60 1943 | 184.8 | 168.7 | 146.0 | 1179 | 80.1 to 2.8 [mm] depending on the value of the variable

parameters.
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