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Abstract

In this paper, 3-D simulations have been carried out to position electron
beam of high-power (60 kW, 60 kV, 1 A) linear electron gun. These
simulations are highly significant for indirectly heated electron guns due
to the presence of an additional electrode. In the inter-electrode space,
particle trajectories, effective electron beam cross-section bombardment at
solid cathode and electron beam emittance are crucial beam characteristics.
Detailed 3-D electrostatic, electromagnetic and particle tracking simulations in
inter-electrode region as well as in post-anode region have been successfully
done for two parametric variations of electron gun. These include 1) Filament-
solid cathode interspacing: Interelectrode region and 2) Magnetic coil current
and corresponding magnetic field: Post-anode region. CST Studio Particle
Tracking Module simulation software has been used, employing adaptive mesh
refinement for fine meshing to ensure high accuracy results.
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Introduction solid cathode is indirectly heated through

electron bombardment . In the case of

An electron gun is an electrical device
which generates a focused electron beam
that can be used for various applica-
tions such as material processing, laser-
isotope separation, accelerator technol-
ogy, etc. An electron gun fundamen-
tally in construction can be of two types:
Directly Heated and Indirectly Heated.
This paper contributes to the stable oper-
ation of an Indirectly Heated Cathode-
based Electron Gun (IHCEG). The fila-
ment is resistively heated through pas-
sage of direct current flow however, the

IHCEG, achieving stable operation upon
application of high voltages is a serious
concern. This is because, during high-
power operation, the additional electrode
i.e., solid cathode and associated inter-
electrode region between filament and
solid cathode becomes highly vulnerable
to loss of electrons due to electron scat-
tering, low emission electron density due
to space charge effect, non-uniform elec-
tron distribution at solid cathode and low
emission current density >*. Thus, parti-
cle tracking in the inter-electrode region
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between filament and solid cathode becomes very important
for effective high-power IHCEG operation and device per-
formance optimization®. In this paper, detailed 3-D mod-
elling and particle tracking simulations have been carried
out to study and analyze high voltage electron gun perfor-
mance and beam positioning. The particle trajectory simu-
lations are obtained in the presence of electrostatic as well
as electromagnetic fields in order to achieve output electron
beam with desired beam energy, beam focusing and beam
bending. 3-D simulations have been done for geometric, elec-
trical, and magnetic parameters of the IHCEG. The major
parameters that determine beam trajectory shape and posi-
tioning in the inter-electrode and post-anode region are elec-
tric and magnetic fields respectively®). The electric field pro-
vides the necessary electrostatic focusing and beam shaping
in the inter-electrode region. The magnetic field provides the
required electromagnetic beam shaping and focusing in the
post-anode region (7)., The region where the electron beam is
meant to fall for desired application such as refractory metal
melting, evaporation and coating, etc. is commonly known as
target plane®. Electric field in the inter-electrode region is
affected by the inter-electrode spacing and magnetic field in
the post-anode region is mainly affected by the magnetic cur-
rent i.e., Helmholtz coil current and the generated uniform
magnetic field®'?. Through variation of these parameters,
the electron beam cross-section, shape and emittance have
been investigated in this paper.

3-D Simulation Model of IHCEG

Here, modelling and simulation of a high-power IHCEG
has been done. Material properties of all the components of
THCEG have been taken into consideration while simulation
in order to get practical experimental conditions. Modeling
and design have been done by using CST Studio Particle
Tracking Module V). Detailed schematic diagram of IHCEG
is shown in Figure 1(a). Different components of the electron
gun have been illustrated in detail. Notably, Figure 1(a) shows
the required 2700-bent electron beam that should fall at
crucible or precisely at target plane and Figure 1 (b) shows
the target plane.

@—» Target plane

(a) (b)
Fig 1. (a) Schematic diagram of IHCEG (b) Target plane

The design of IHCEG includes: 1) filament and solid
cathode which act as electron emitters, 2) filament beam

former and grid cup which act as focusing electrodes, 3) HV
insulators for electrical insulation and physical mechanical
support1?). In the output, a well-focussed electron beam is
required which emerges from anode, bent by 2700 and falls
at the target plane for further action>'¥). Generally, in a
transverse electron gun, crucible with target material is placed
at 2700 with respect to electron gun so as to prevent metallic
coating on gun components due to evaporation of target
material 1>'9), In the subsequent section, 3-D simulations
have been performed in order to obtain and analyse 270°-bent
electron beam at the crucible or more specifically at target
plane for desired application.

3-D Simulations For Electron Beam
Positioning

In order to carry out the study and analysis of 3-D electron
beam, geometric, electrical and magnetic simulation and
modelling is done with the help of CST Studio Particle
Tracking module. The electron gun is modelled with the
physical parameters and dimensions as discussed in detail
in(12) Further, electrostatic simulations have been carried
out after electron gun modelling and design in which
appropriate electric potentials have been applied to the
electron gun electrodes. The respective voltages applied to
filament and solid cathode are as follows: filament and beam
former at -61.5 kV floating potential. Solid cathode and grid
cup at -60 kV floating potential. The anode and crucible
grounded. In electromagnetic simulations, electric fields
are produced by applying electric potentials and uniform
magnetic field is produced by using pair of Helmholtz
coils. In!?, optimum value of magnetic current was found
out to be 75 mA, providing a bending beam radius of
198 mm. In 3-D particle tracking simulations, 3-D particle
trajectories are computed by evaluating the electromagnetic
fields. Detailed information regarding electron beam in the
entire computational domain has been obtained such as
individual trajectory’s 3-D location/coordinates (x, y, and
z), electron energy levels (eV) at various time instances
right from point of beam emergence until beam reaches
target plane such that better electron beam visualization
and analysis in 3-D plane can be performed”!¥). For
characterization and positioning of electron beam obtained
from the indirectly heated cathode-based electron gun, two
parametric variations of electron gun have been considered
and simulated:

Filament-Solid Cathode Interspacing:
Inter-electrode region

Electron beam characterization has been performed by inves-
tigating the electron beam size and emittance at ten different
filament-solid cathode interspacing. “d” is considered as the
inter-spacing distance from 1 mm to 10 mm in interval of 1
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mm. For these different interspacing, the gun iterations have
been performed. For ensuring high accuracy of results, adap-
tive mesh refinement was employed. The schematic diagram
showing the arrangement of filament and solid cathode for
different “d” is as shown in Figure 2. The filament has an emit-
ting cross-section of 110 x 3 mm? and that of solid cathode is
110 x 4.5 mm?. Electron beam diameter and emittance at the
backside of solid cathode have been evaluated by using par-
ticle monitors. 3-D simulation result of electron beam trajec-
tories in between filament and solid cathode for d = 1, 5 and
10 are shown in Figure 3 (a), (b) and (c) respectively.

-

d=12__.10

Fig 2. Arrangement of filament and solid cathode showing
different interspacing (not to scale)

(a) (b)

(©

Fig 3. 3-D simulation result of electron beam trajectories in
between filament and solid cathode (a) d=1 (b) d=5 (¢) d=10

Electron beam cross-section at backside of solid cathode
for d = 1, 5 and 10 are shown in Figure 4(a), (b) and (c)
respectively. Table 1 shows numerical values from electron
gun simulation data for beam cross-section and emittance.

From Table 1, it is seen that for d < 5 mm, at the backside
of solid cathode electron beam cross-section is less. This is
because due to less interspacing between solid cathode and
filament, electrons majorly concentrate fall at the center of
solid cathode and does not cover it completely as can be seen
in Figure 3(a). At higher interspacing i.e., d > 5 mm, as the

Position.y / mm

ff=————=——

(a) (b)

Positon.y / mm

Fig 4. Electron beam cross-section at solid cathode backside for
(a) d=1 (b) d=5 (c) d=10

Table 1. Electron Beam Cross-Section and Beam Emittance For d
=1to 10

S.No Filament- Electron beam Electron beam
Solid Cathode cross-section at emittance
Spacing “d” backside of solid (mm-rad)
(mm) cathode (mm?) < y

1 1 108 x 3 0.042 0.012

2 2 108.5 x 3.15 0.162 0.064

3 3 109 x 3.55 0.245 0.089

4 4 109.2x4 0.255 0.117

5 5 109.8 x 4.45 0.275 0.451

6 6 110x 4.1 0.288 0.33

7 7 110 x 3.85 0.304 0.29

8 8 110x 3.1 0.317 0.23

9 9 110x 2.35 0.339 0.215

10 10 110x 2.15 0.374 0.16

electron beam bends under the influence of magnetic field
hence, portion of beam falling at the solid cathode backside
is less, this can be seen in Figure 3 (c). However, for d = 5
mm, it was found out that the electron beam cross-section
at backside of solid cathode was maximum. This was found
out to be the optimum interspacing between filament and
solid cathode as the electron beam emitted from filament
covers entirely the solid cathode backside leading to uniform
electron bombardment, as can be seen in Figure 3 (b).

Magnetic coil current and magnetic field:
Post-anode region

In the IHCEG setup illustrated in this paper, Helmholtz coils
have been used to provide the required uniform magnetic
field for beam deflection and focusing at target plane.
A schematic diagram showing IHCEG setup along with
Helmbholtz coils is shown in Figure 5.
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Helmholtz coils

Fig 5. THCEG setup along with Helmholtz coils

e
@ ®

(c)

Fig 6. Simulation result of electron beam at Helmholtz coil current
of (a) 25 mA(b) 75 mA (c) 125 mA

Table 2. Electron Beam Cross-Section and Beam Emittance at
Different Magnetic Coil Currents

Helmholtz  Electron  Electron Electron
S.No. (i1 beam beam cross- beam
current radius section at emittance
(mA) (mm) target plane (mm-rad)
(mm?) X z
1 25 310 150.8x19.6 0.789  0.386
2 50 260 138.4x18.2 0.628 0.375
3 75 198 76 x16.5 0.310 0.481
4 100 148 128.5x17.6 0.569 0.566
5 125 100 138.7x18.3 0.797  0.628

Helmholtz coils is a pair of magnetic coils having equal
number of turns, carrying current in the same direction,
and placed co-axially with interspacing equal to coil diam-
eter %29, These coils provide uniform magnetic field in the
region between the coils. Thus, the electron beam generated
by the electron gun can be effectively deflected and focused

towards the target plane by providing appropriate magnetic
field. To achieve this, 3-D electromagnetic simulations have
been carried out such that the coil current was varied and
the electron beam bending radius was monitored. The sim-
ulations were performed at optimum filament-solid cathode
and solid cathode-anode interspacing of 5 mm and 15 mm
respectively. For different coil currents, the electron beam tra-
jectory is traced, and electron beam cross-section and emit-
tance have been recorded. 3-D simulation result of electron
beam trajectories at Helmholtz coil current of 25 mA, 75 mA
and 125 mA are shown in Figure 6(a), (b) and (c) respectively.
It was observed that for coil current less than 75 mA, electron
beam radius was greater than crucible dimensions and hence,
electron beam trajectories tend to fall beyond the crucible as
well as target plane. For coil current more than 75 mA, elec-
tron beam radius was smaller than crucible dimensions and
hence, electron beam trajectories tend to fall below the cru-
cible as well as target plane.

However, at 75 mA, electron beam was found to be falling
at the centre of target plane with a bending radius of 198
mm. Also, a well-focused electron beam was obtained with
a smaller cross-section as well as lower beam emittance. The
numerical values of obtained electron beam bending radius,
cross-section at target plane (length along x-axis and width
along z-axis) and beam emittance at different Helmholtz coil
currents has been tabulated in Table 2. Minimum electron
beam cross-section and beam emittance was obtained at
Helmbholtz coil current of 75 mA.

Conclusion

The work presented in this paper includes positioning
of electron beam of an IHCEG. The work includes 3-D
simulations for measurement of beam cross-section and
beam emittance in the region between filament and solid
cathode, between solid cathode and grid cup and at target
plane in the post-anode region. Parametric variation of inter-
electrode spacing between filament and solid cathode have
been investigated. For desired beam positioning in the post-
anode region, magnetic parameters including Helmholtz coil
current, and the corresponding magnetic field has been varied
and analysed with respect to beam positioning. It was found
out that for 5 mm filament-solid cathode interspacing, beam
cross-section at backside of solid cathode was maximum.
Most uniform electron beam distribution at solid cathode
backside was obtained from a strip shaped filament. By
applying Helmholtz coil current of 75 mA, a well-focused
electron beam appropriately falling at center of target plane
was obtained.
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