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Abstract

This paper includes simulating an electron gun design to investigate the effect
of the distance between the cathode and the Wehnelt cylinder bore on the quality of
the ion beam emittance and to obtain the best distance of that geometrical factor. A
study of a group of designs was conducted to find this distance. The SIMIONS.0
program has been used to calculate the trajectories of the electrons with initial
kinetic energy of (0.1 eV) and electron current of (1x10™* A). The investigation also
includes comparisons between the equipotential line trajectories for each design as
well as the field distribution and the electron trajectories. The best emittance
distance was concluded to be (3 mm).

Keywords: SIMION8.0 program, beam emittance, thermionic electron gun design.
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1. Introduction
Electron guns are used in many vacuum electron devices to convert electrical power into
an electron beam [1]. Electron beam devices have a variety of uses in different applications,
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including communications, radar, industrial heating, and high-energy accelerators. Electron
beams are also utilized for electron beam observation, lithography, and welding in medical
and industrial X-ray devices, as well as in cathode ray guns for televisions and oscilloscopes.
Many of these devices are essential for national security, science, and other purposes [2]-[3]-
[4]. By heating a small cathode element, the cathode can generate a cloud of electrons through
thermal emission; this is accelerated to form an electron beam.

Before a package is introduced into a system, it is critical to have complete information about
its emittance, which is an important quantity to consider; it is the most important factor in
producing a high-quality electron beam [5]. Electron guns can operate in two modes:
continuous and pulsed. In electron guns, there are several methods for producing a burst of
electrons. The most common methods are thermionic, photoelectric, and electric field
emissions[6]. The cathode of electron guns has two important characteristics: emission
continuity and uniformity [7]. The SIMIONS.0 electron-beam ray-tracing tool was used in
this study to model and optimize the electron gun's electron optics.

The purpose of this study is to determine the optimal distance between the cathode and the
Wehnelt cylinder bore gap. This distance bore, has been found to equal (3 mm).

2. Theoretical Considerations

In the absence of a magnetic field, the electric field of an electron cannon is estimated using
Poisson's equations, and electron trajectories are computed using Lorentz's force equations.
The time-independent Maxwell's equations are the governing equations of the fields [6];

V-E=£ @

Where: E denotes the electric field, p denotes the charge density, and &, denotes the vacuum
permittivity. Determining the electron trajectories can be done using Lorentz force from the
following equation:

F=L=gq@E+Vx B 2)

The magnetic field term is neglected due to its absence.
Commonly, the Child-Langmuir model is used for DC electron guns to find the electron flux

je [8];

2
. 4me, [2e vy3
jo = 222 [2ve ©)
with d in meters and V, in volts as the applied voltage. The practical expression is obtained by
substituting values for the physical constants:

3
jo = 233 x 1076 Yo /2 /g2 4)
The units are A/m? for d in meter.

For a radius < d/2, the extraction zone A = nd? /4. An electron gun's greatest total current is:
3

je =2.33x107°2 1,2 (5)
3. Simulation Process
Using the SIMIONS8.0 program, the ion beam and its trajectories are simulated after the
geometry of the electrodes and its potentials are determined. It uses the potential arrays, and
by solving Laplace equation, the potential between the electrodes is determined. SIMIONS.0
uses a refined method for analyzing the system. In this case, the array size represents
boundary conditions. Laplace equation assumes there is no space charge effect and the
boundary conditions are quite limited. Therefore, using Gauss theorem in a closed surface
with no charge inside, which is shown in equation (6), we would have [9];

VE=0 (6)

For electrostatic case, the electric field is a gradient of a scalar field, which is shown in
Equation (7)
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AT W\, (V¢
Vv=(£)l+(£)]+(6—2)k=E @)
From the two equations (6) and (7), Equation (8) is obtained:
Viv =0 (8)

SIMIONS.0 uses this equation to compute electrostatic and static magnetic potential fields.
Whereas all electrostatic and static magnetic potential fields are constrained by Laplace
equation to conform to the zero-charge volume density assumption (no space charge).
Poisson’s equation allows space charge

V2V = V.VV = —p/e 9)
A non-zero charge volume density is allowed by Poisson's equation (space-charge). When the
density of ions is high enough (high beam currents), the electrostatic potential fields are
significantly distorted by their presence. To estimate potential fields in these circumstances,
Poisson's equation (rather than Laplace's) should be used. Poisson solutions to field equations
are not supported by SIMIONS.0. Charge repulsion methods, on the other hand, are used to
estimate certain types of space charge and particle repulsion effects [10]-[11]-[12].
3.1. The Beam Emittance
Emittance is an area or volume in the phase space of the particles, and it is the property of the
particle beam that characterizes its size for each spatial direction. There are two types of space
variables, the phase space variables, which are (X, px), (Y, py) and (z, P,) for a particle with
time as the independent variable. These coordinates correspond to the momentum components
of the particle with position, and these coordinates are taken as errors of momentum and
position if the particle is perfect [13].
Emittance is used to describe a beam because it is opposite to the physical dimensions of the
beam and it varies according to each location in the accelerators. Emittance is invariant in the
absence of dissipative or cooling forces. As this case is the simplest, it will be used for
examples and discussion in this study. Liouville's theory states that the motion of charged
particles by the effect of conservative fields creates local number density in the space phase of
the six-dimension as a conserved quantity [14]. If a group of particles' transverse components
of motion is mutually independent in space, they are also mutually independent in the
orthogonal phase space planes (X, px), (Y, py) and (z, P,), with the corresponding phase space
areas conserved separately. The emittance of the beam is proportional to the transverse phase
space areas, which are thus conserved if cylindrical symmetry can be assumed. Consider ions
passing through (x, y) related to r at a certain point on the z-axis, momentum component P,
approximately equals total particle momentum p [15].
The beam emittance values have been calculated at the splat location in this research
converted to Lua scripts written by [10].
3.2. lon Beam Diameter
The simulation includes studying the diameter of the ion beam and then studying its
relationship to the separation distance between the cathode and the Wehnelt cylinder bore.
The best ion beam diameter has been conceded at the minimum value.
4. The Computation analysis and Results
4.1. The Electron Gun Design
The typical electron gun shape and its geometrical parameters are shown in Figure 1. For each
design the value of the distance between the cathode and Wehnelt cylinder bore was taken in
the present computation as S= 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 & 10 mm. It can be seen that the
distance between the anode and the Wehnelt cylinder is (20 mm), the internal anode diameter
is (20 mm), and the thickness of the anode is (2 mm),as for the Wehnelt cylinder the inner
diameter is (10 mm) and the outer thickness is (2 mm).
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Figure 1- The geometrical dimensions of the thermionic electron gun design

The electron gun has three electrodes denoted V1(Cathode), V2(Wehnelt cylinder) and
V3(Anode) as shown in Figure 1. The electrostatic scalar potential for each electrode is equal
to (-10, -10 & 0 kV), respectively.

4.2. The Electric Field

The variation of the electric field for the cases of S= 1, 3,5 & 7 mm has been calculated and
demonstrated in Figure 2. This figure shows that there is enormous variation of the field at the
location of the gap between the cathode and the Wehnelt cylinder bore where (x=18-32 mm),
while almost coincide at the other locations.
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Figure 2- Comparison of the electric field with distance for S=1,3,5& 7

. . mm)
4.3. The Electrostatic Potential

The electrostatic potential for each value of (S) has been calculated and compared in Figure 3
for the value of (S=1, 3, 5 & 7 mm). it has been noticed that there is enormous variation of
the potential at the location of the gap between the cathode and the Wehnelt cylinder bore for
x=20-32 mm, while almost coincide at the other locations.
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Figure 3-Comparison of the electric potentials with distance for S=1, 3,5 & 7 mm)

4.4. The Equipotential Lines

The equipotential lines contours and electron beam trajectories were calculated and were
noted to overlap for the values of S=1, 3, 5 & 7 mm, as shown in Figure 4. This figure shows
that the distance between the Wehnelt cylinder bore and the cathode has a great effect on

electron beam trajectories.

S=1mm |- L
S=2 ~ S=/mm

Figure 4- Comparison between the equipotential lines contours and
electron beam trajectories for the system (S=1, 3,5 & 7 mm)

The results obtained by the ion beam trajectory is shown in Figure 5, the SIMIONS.0 program
provides a 3D view of the potential array and the equipotential lines with the electron beam
trajectories. This figure shows the results for the case of S=3, 4 & 5 mm and the voltage
applied to V1, V2, and V3 are equal to (-10, -10 & 0 kV), respectively.

3386



Mohammed and Al-Abdullah Iragi Journal of Science, 2022, Vol. 63, No. 8, pp: 3382-3389

Figure 5- The potential array in 3D view of the equipotential lines with the electron
beam trajectories for the case of (S= 3, 4 & 5 mm) and and the voltage applied to V1,
V2 and V3, are equal to (-10, -10 & 0 kV) respectively

4.5. Trajectories of the Beam

Comparison between the trajectories of the electron beam for each value of (S) is
demonstrated in Figure 6. This figure shows that the geometrical factor (S) has a large effect
on the electron beam trajectories. Before deciding which value of S has better performance,
both the electron beam and emittance must be calculated.
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Figure 6- The comparison between trajectories of the beam of the systems
at different values of S(0, 1. 2, 3. 4,5,6. 7, 8.9 & 10 mm)

4.6. The lon Beam Diameter

The diameter of the electron beam was also calculated by the SIMIONS.0 program, and the
simulation results are shown in Figure 7, which shows that the best value of the beam
diameter (r) was achieved at S=5 mm, where the best diameter was considered at the middle
of its stable range (S=4-8 mm).
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Figure 7- The relationship between the ion beam diameter and distance
S(0,1,2,3,4,5/6,7,8,9&10 mm)

4.7. The Beam Emittance

Figure 8 shows the relationship between the beam emittance and the distance between cathode
and Wehnelt cylinder bore. From the figure, it is noted that the best emittance was at a
distance of (3 mm). The value of the best emittance was considered at the middle of its stable
range (S=2-4 mm).
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Figure 8- The relationship between emittance and distance for each

S,1,2,3,4,5,6,7,8,9&10 mm)
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A conclusion from Figures (7 & 8) can be reached that the optimal distance between the
cathode and the Wehnelt cylinder bore is (4 mm) for the present design.

6. Conclusions

The simulation results showed that the optimal ion beam formation process depended greatly
on the distance between the cathode and the Wehnelt cylinder bore. It also depended on the
electrical potential of both the cathode and the Wehnelt cylinder bore. Incorrect electrode
geometry and voltage would cause the particle trajectory to be non-linear and not focused and
can affect the beam emittance or ion beam diameter spot. This study proved that the minimum
electron beam diameter occurred at (5 mm) distance between the cathode and the Wehnelt
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cylinder bore. At this distance, the best emittance beam was produced. Therefore, the best
compromised value of the distance is considered which is (4 mm).
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