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Abstract

The Metal Ion Thruster using Magnetron E-beam Bombardment (MIT-MEB), which
uses the principle of electron-beam (E-beam) evaporation, was developed in our group. In
this thesis, we studied electron behaviors in both experiments and simulations. There are
three parts in the MIT-MEB: a metal evaporator, an ion accelerator, and a neutralizer.
Electrons emitted by the heated filament of the E-gun are accelerated toward the target
made of Zinc by the electric field provided by an accelerating voltage Vac.. A magnet is
placed behind the target so that electrons follow the magnetic field lines and reach the
center of the target. The target is heated and evaporated when electrons bombard on it.
When the metal vapor is impacted by electrons emitted from the thermal filament, part
of the vapor is ionized. lons are then accelerated by the applied electric field providing
thrusts. Electrons from the neutralizer would leave the thruster with ions and keep the
thruster in neutral. Therefore, electron trajectories play an important role in MIT-MEB.
We did a series of experiments with V.. equal to 500, 750, and 1000 V. We found that
fewer electrons reach the target in lower V,.. than that in higher V,.. in experiments. We
suspected that the electric force would accelerate electrons toward the target while the
magnetic-mirror force would reflect electrons back to the filament of the E-gun preventing
them to reach the target. More electrons might be returned in lower V,.. than that
in higher V... Therefore, we studied electron trajectories in simulations. However, in
simulations, no electrons were reflected by the magnetic mirror force once there was an
electric force from V.. greater than 1 V. It coincided with a simple analytic model where
Vace = 0.13 V was sufficient to accelerate electrons overcoming the magnetic-mirror effect.
So, we have rolled out the magnetic-mirror effect in the MIT-MEB. Nevertheless, we can
move the filament of the E-gun sideway. In this case , the component of the electric
field parallel to the magnetic-mirror force much smaller than the magnetic-mirror force
will potentially reduce. Thus, electrons may be reflected by the magnetic-mirror force.
Therefore, using other simulations which could simulate the thermionic electron emission,
and changing the design of the MIT-MEB need to be conducted as future work.
Keyword: MIT-MEB : thermionic electron emission, electric force ;5 magnetic-mirror

effect ; force competition ; electron trajectories
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1 Introduction

The thrust of the propulsion is produced by the momentum change from ejecting propellants.
There are different requirements for different space missions. For example, the rocket launching
needs a large thrust. The attitude control, however, may need small thrusts for precision
controls. On the other hand, the attitude control and deep-space mission need to carry a lot
of propellants. Further, the thrust needs to be low in power consumption and can provide a
large final velocity, especially for deep-space missions. The specific impulse (Ig,), a measure of
how efficient the propellant is used, and thrusts can help us to determine the better type of
thrusters for different space missions.

The thrust of an ion thruster is from the exhaust of ions accelerated by an electric force.
It can be adjusted by changing the electric field strength. Although the ion thruster only
produces the thrust in the range of millinewton (mN), its I, is in thousands of seconds, i.e.,
very efficient. Therefore, the spacecraft using an ion thruster can reach a very high speed. If
the ion thruster uses a high-density propellant which is easy to be stored and cheap, we can
reduce the size as well as the cost. That means the new development of an ion thruster opens

up more possibilities for space missions.

1.1 Principle of thrusters

In order to understand the characteristics of the thruster, we must know several parameters,

such as thrusts and specific impluses.

1.1.1 Thrusts

The thrust is provided by the reaction force from the accelerated and exhausted propellant.
Assuming that the propellant is ejected with a constant exhaust speed ve,, we can calculate
the thrust F' as

d

F = ——(MUex) = —1MUex = Mproplex (1)

dt

where m is the total mass of the vehicle and my,.p, is the ejected propellant mass. Notice that

Uex 1S @ positive number. The mass reduction rate of the vehicle m, which is less than 0, equals

1 doi:10.6844/NCKU202003198



to the negative of the ejected propellant mass rate mpyop.

1.1.2 Specific impulse (I,)

Specific impulse, Iy, is a parameter that measures the thrust efficiency. It indicates how
long a kilogram of propellant can provide 9.8 N of thrusts. The larger, the better. Specific

impulse is only related to exhaust speed of the propellant v.,, defined in Eq. 2.

I, = - = — (sec 2
e g( ) (2)

where ¢ is the gravitational acceleration. The larger Iy, means higher efficiency when the
propellant is exhausted with higher speed. From the conservation of linear momentum, we can

obtain that a spacecraft has a higher final speed using a thruster with a higher Ig,.

p(t) =p(t+dt) (3)
= mu = (M — dMpop) (V + dv) + dmprep (V — Vex) (4)
= dv = —vezﬁm where dmopdv is neglected and dmpyop = —dm (5)
= Up = Ui + Uyl (ﬁ) =u + Ipgln (ﬂ) (6)

my my

where p is the total linear momentum of the whole system, m is the total mass, mp,p is the
ejected propellant mass, m; and m¢ are the initial and final mass, respectively, and v; and v¢ are
the initial and final velocity, respectively. According to Eq. 6, we need either larger m;/m; or
larger Iy, to obtain higher final speed of the spacecraft. However, a thruster with a higher I,
does not necessarily have a larger thrust. The larger thrust can be provided by a larger mass
flow of ejected propellants such as chemical rockets. Fig. 1[1, 2] is the comparison between
different types of thrusters. Although ion thrusters provide larger I, i.e., higher final speed,
their thruster density defined as thrusts per unit area is generally too small for a vehicle to
overcome the gravitational force on earth. Therefore, an ion thruster is not suitable to be used
under the gravitational influence from the earth, but it is one of the best options for deep-space

missions after thespacecraft enters the outer space.

2 doi:10.6844/NCKU202003198



Figure 1: Thrust density vs specific impulse for different types of thrusters.

1.2 Different types of electric thrusters

Categories of electric thrusters are depended on how propellants are accelerated. They are
electrothermal, electrostatic, and electromagnetic thrusters. One example for each category
is introduced below. They are the resistojet, the gridded-ion thruster, and the pulsed-plasma

thruster. The Hall thruster is also introduced below.

1.2.1 Electrothermal thruster — Resistojet

The propellant of the electrothermal thruster is heated electrically. Shown in Fig. 2[3], the
gas can be heated via efficient ohmic heating by flowing electrical current through resistors.
When the propellant expands after leaving a nozzle, its thermal energy is converted to direc-
tional kinetic energy. Finally, the gas leaves the thruster with a high speed to provide thrusts.

It is used for orbit insertion, attitude control, and deorbit.

il

[ -

i P

e el i _-@

- LT) A -
Figure 2: Resistojet.
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1.2.2 Electrostatic — Gridded-ion thruster

The electrostatic thruster uses the electric field to accelerate and exhaust ionized propellant
with high speed. The gridded-ion thruster shown in Fig. 3[4] is a classical electrostatic thruster.
It usually uses inert gas with a large atomic mass as the propellant, like Xenon gas. The gas
in the device is ionized by the electron impact ionization where electrons are provided by an
electron gun (E-gun). The accelerating grids consist of the positive grid and negative grid
to provide the electric field. When the charges diffuse to the accelerating grids, the ions are
accelerated while electrons are decelerated. Finally, ions are exhausted with electrons emitted
from the neutralizing electron gun so that the thruster is kept neutral. The gridded ion thruster
usually provides a moderate specific impulse (2000-4000 s) with a thrust of 20-200 mN by

exhausting high-speed ions. Therefore, it is usually used for deep-space missions.

Figure 3: Schematic of gridded ion thrusters.

4 doi:10.6844/NCKU202003198



1.2.3 Electromagnetic — Pulsed-plasma thruster (PPT)

The electromagnetic thruster uses electromagnetic forces and pressure from the high temper-
ature gas to accelerate the propellant, which is an electrically conducting fluid. Pulsed-plasma
thruster (PPT) shown in Fig. 4[5] is one example of the electromagnetic thruster. An arc dis-
charge is initiated between the cathode and the anode. The solid propellant heated, vaporized,
and ionized by the arc current. The plasma is then accelerated by the Lorentz force. On the
other hand, the gas diffuses with the high thermal energy at the same time. Therefore, the
thrusts are provided by both the high-speed plasma and the high-temperature vapors. The
pulsed-plasma thruster has a low ionization rate and Is,. However, it has a higher thrust com-
pared to ion thrusters because it has a larger mass flow rate. The size of the pulsed-plasma

thruster can be small. Therefore, it is usually used for the CubeSat.

Figure 4: Schematic of pulsed-plasma thruster.

1.2.4 Metal-vapor Hall Thruster

Fig. 5[6] is the schematic of a Hall thruster. The gaseous propellant is injected into the cir-
cular chamber from the anode and ionized by the electrons generated from the hollow cathode.
The axial electric field and the magnetic fields generated by the radial magnetic coils located at
the center cylinder induce the ﬁ X ? drift of electrons. Therefore, the electrons are confined
and move around the cylinder forming the electron Hall current. It increases the confinement
time of electrons in the chamber and improves ionization efficiency. Since ions are too heavy
to be magnetized by the magnetic field, they are accelerated by the electric field in the quasi-
neutral plasma, leave the thruster with high speed and provide the thrust. The same hollow
cathode is also a neutralizing electron gun to keep the thruster neutral. Hall thrusters usually

provide a moderate specific impulse (1000-5000 s) with a thrust of 40-600 mN. Therefore, it is

5 doi:10.6844/NCKU202003198



usually used for deep-space missions.

Figure 5: Schematic of Hall thruster.

The conventional hall thruster usually uses Xe gas as the propellant. Xe is expensive and
with low density. The solid propellants such as Bi, Mg, and Zn were used to replace Xe [7].
They are in high density, plentiful, non-toxic, and cheap. To use the solid metals as propellant,
the metal-vapor Hall thruster is separated into two parets. One part is a metal evaporator.
The other part includes the acceleration channel, an anode, and a hollow cathode. It is like a
conventional Hall thruster with a metal vapor.

For the example shown in Fig. 6[7], the left part is a separated, temperature-controlled
reservoir and the right part includes the acceleration channel, the anode and the hollow cathode.
There is a heated line connecting the anode and the reservoir. The condensed zinc in a reservoir
is heated and produces the vapor. The feed rate is thus determined by the temperature of the
slug. The other elements should be hot enough to prevent condensation of the vapor. The
vapor diffuses into anode will be ionized by the electrons provided from the hollow cathode

flowing Zn gas. The electrons provided from the hollow cathode also neutralize the thruster|7].

6 doi:10.6844/NCKU202003198



Figure 6: Zinc demonstration system of Metal Vapor Hall Thruster.

We also use Zn as a propellant in the MIT-MEB, where we use E-beam to evaporate and
ionize the metal. Moreover, the source of the electrons is from the thermionic electron emission

of a tungsten filament to reduce the volume of the thruster.

1.3 Metal Ion Thruster using Magnetron Ebeam Bombardment (MIT-

MEB)

The Metal Ton Thruster using Magnetron E-beam Bombardment (MIT-MEB) is a new ion
thruster developed by the formal student Kuo-Yi Cheng|[8]. Different from the conventional ion
thrusters, the MIT-MEB uses the metal instead of the inert gas as the propellant. The solid
propellant has many advantages, such as high density, easy to be stored, cheap, and safe. In
this section, I will introduce the basic principles of the MIT-MEB, and explain how we designed
the thruster. Finally, how we are going to improve the performance of the MIT-MEB and the

physics we would like to study based on the principle will be given.

1.3.1 Background principles of the MIT-MEB

We want to use the metal target instead of the inert gas as the propellant because the solid
is high density, easy to be stored, cheap, and safe. First, we need to find a way to make the
target change its phase from soild to vapor in an ultra-high vacuum. Therefore, we can avoid
bringing the gas cylinder to outer space. The second step is to convert the vapor to plasma.

We use the ideal of the physical vapor deposition (PVD) to achieve the two steps.

7 doi:10.6844/NCKU202003198



Shown in Fig. 7[8] is the processes of generating thrust in the MIT-MEB. First, the
thermionic electrons provided by the heating filament are accelerated by the external elec-
tric field. When the thermionic electrons bombard the target, they heat the target so that it
is vaporized. Then, the vapor is ionized by the electron impact ionization. Afterward, ions
are accelerated by the electric field and exhausted. They attract electrons provided by the
neutralizer so that the thruster is kept neutral. Therefore, the thermionic electron emission,
the electron-beam evaporation, and the electron-impact ionization are the basic principles we

should understand.

Figure 7: The processes of the MIT-MEB.

1.3.1.1 Physical vapor deposition (PVD) Physical vapor deposition is commonly used
for the processes of semiconductor manufacture. The physical mechanism of the PVD is the
phase change of matter. It is a vacuum deposition method that can be used to produce thin
films and coatings. The most common PVD processes are evaporation and sputtering.

In evaporation, the target is evaporated by being heated directly, such as joule heating,
laser heating, and electron-beam (E-beam) heating. The materials most commonly used to
hold the evaporated material are tungsten and molybdenum because they have high electrical
resistance, high melting point and are difficult to form alloys with other metals. The evaporated
material is attached to the tungsten wire or carried in tungsten boats. The evaporated material
is evaporated by the heating tungsten as the result of the high temperature. Then, the vapor
forms a film on the substrate whose temperature is low.

In sputtering, the target is bombarded by high-energy ions in the plasma. The ions and
plasma are provided by the inert gas ionized by a DC or AC high-voltage discharge. Ions as
the working particles are accelerated toward the target by the external electric field. Then, the
atoms of the target detach from the surface when working particles bombard on it and transfer

their kinetic energy to the target. Finally, leaving atoms form a film on the substrate whose
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temperature is low. Since ions and electrons in the plasma are charged, they can be controlled
by magnetic fields. Therefore, ions can be guided to specific areas of the target by magnetic
fields to increase the efficiency of sputtering.

Evaporation and sputtering work differently. Nevertheless, no matter which method is used,

the purpose of PVD is to change the material from a solid state into a gaseous state.

1.3.1.2 The thermionic electron emission = When the temperature of a metal rises,
the kinetic energy of electrons in the metal increases. The number of electrons whose kinetic
energy exceeds the work function, also gradually increases. If the temperature of the metal is
over a certain degree, a large number of electrons escape from the metal. This phenomenon is
called the thermionic electron emission. In 1901, Richardson gave the mathematical form of

the thermal emission [9]:

J = ArAgT?e 78T (7)

where J is the emitted current density, T is the temperature of the metal, w is the work function
of the metal, kg is the Boltzmann constant, Ar is a correction factor for different material and
Ag is a universal constant. The constant Ag equals to 4mmk3e/h3. The value is 1.2 x 10°
(Am—2K~2). The constant Ag, on the other hand, is typically in the order of 0.5. We use
tungsten filaments due to its high melting point.

The thermionic emission from a tungsten wire as a function of temperature is shown in
Fig. 8[10]. If the temperature of the metal is above 1000 K, a large number of electrons can
escape from the metal. However, the escaping hot electrons accumulate near the metal surface
as shown in Fig. 9[11]. They prevent more hot electrons from being emitted. Therefore, we
have to apply an external electric field to pull out the electrons so that electrons are emitted

continuously.
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Figure 8: Saturation current densities of the thermionic emission from tungsten as a function
of temperature.

Figure 9: Hot filament emits free electrons.

1.3.1.3 The electron beam evaporation Electron-beam (E-beam) evaporation uses ac-
celerated electrons to bombard the coating material. Therefore, the kinetic energy of the
electron is connected to the thermal energy of the coating material. Therefore, the material is
heated and vaporized. The design of a conventional E-beam evaporator is shown in Fig. 10[12].
There is a heating filament at the bottom as an electron source using the thermal-emission ef-
fect. The free electrons are accelerated by an external electric field to get kinetic energy. Then,
we can deflect the E-beam using a magnetic field to control the bombardment location. Thus,
the coating material is heated and evaporated when electrons bombard on it and transfer their

kinetic energy to the thermal energy of the material. Eventually, the coating material forms a
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film on the substrate. Materials can be heated to temperatures up to 300076000 °C locally be-
cause the E-beam heating provides extremely high energy density. Therefore, refractory metals
or compounds can still be evaporated. Both incoming electrons and secondary electrons on
the target surface generated by high-energy electrons bombardments may ionize residual gas

molecules. It is a good way for us to evaporate the solid propellant and provide the ions.

Figure 10: Electron beam evaporation deposition.

1.3.1.4 Temperature of the tungsten filament The tungsten temperature and the ther-
mal velocity are important parameters for the simulation I will perform in Chap. 3. It is
because the thermal velocity is assumed to be the initial velocity of the thermionic electrons in

MIT-MEB. The estimated tungsten temperature is used to estimate the thermal velocity

2kpT

Me

(8)

Uthermal =

where Vihermal 1S the thermal velocity, kg = 1.38 x 10723 J /K is Boltzmann constant, m, =
9.11 x 107! kg is the mass of the electron, and T (K) is the tungsten temperature. From Fig.

8 and Eq. 7, the thermionic emission current is a function of temperature. However, we do not
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know emitted electrons would leave the filament freely or return back to the filament. In other
words, we can’t obtain the temperature of the tungsten filament by measuring the emitted
current. All alternative way to estimate the tungsten temperature is required. Then, we can
compare the difference between the measured electric current and the predicted electric current
from the estimated filament temperature.

The tungsten is heated by the eletric power P. We can estimate the tungsten temperture T
by the balance between the heating power and the radiation power. The radiation power can
be estimated using the Stefan-Boltzmann law[13] as

P (W)

¢ = A (m?) =eol (9)

where ¢ is the black-body radiant emittance, which is the total energy radiated per unit surface
area of a black body across all wavelengths per unit time, A is the surface area of the filament, o
is the Stefan—Boltzmann constant, and e is the emissivity of the object. The Stefan—Boltzmann
constant ¢ is 20K = 5.67 x 107% (Js~'m~2K~*). The parameter ¢ of an absolute black body

is 1 while € of a grey body is less than 1. We use € = 0.5 to estimate the tungsten temperature.

On the other hand, the heating power from the power supply is writen as

P=1V (10)

where [ is the current flowing through the filament, and V' is the voltage of across filament. By
substituting Eq. 10 into Fig. 9, we can estimate the temperature of the the tungsten filament.
Then, the temperature can be used to estimate the thermal velocity of emitted electron using
Eq. 8 for the simulation. It can also be used to calculate the saturation current densities of
the thermionic emission from tungsten and be compared with the electric current we measure

in experiments.

1.3.1.5 Vapor pressure of the common metals at different temperature To pick
the material as the propellant, the easier it is vaporized, the better it is as the propellant. It is
because the metal materials which are easier to be vaporized require less heating power. Note
that materials with lower melting points do not mean they are evaporated easier. For example,

the melting point of Tin is only 231.9 °C while Zinc needs 419.5 °C to be melted. However,
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to achieve the same vapor pressure such as 1072 Torr, 1315 °C is needed for Tin achieved
while only 565 °C is needed for Zin as shown Table 1[14]. Moreover, Zinc is cheap, easy to be

obtained, and low toxic. Therefore, we choose Zinc to be the propellant.

Table 1: Temperature (T) in kelvin for different vapor pressure (PE) in torr for different metallic
materials

1.3.1.6 Electron impact ionizations Electron impact ionizations use high energy elec-
trons to impact atoms or molecules to achieve ionization. There are two kinds of sources
providing electrons to ionize the vapor. A common method is first using a hot filament as an
electron source to provide electrons. Then, electrons are accelerated by an external electric field
and confined by the magnetic field between the target and the filament. The other ones are
the secondary electron with lower energy, including backscattered and true secondary electrons.
They are also confined by the electric potential and the magnetic field in a small region forming
an electron cloud on top of the target surface. When atoms or molecules are collided by those
electrons, the electron of the atoms or molecules is possible to be removed. The ionization

reaction formula can be written as

M+e” — M"+2e” (11)

where M is the atom, e~ is the electron. The kinetic energy of the electron must be greater
than the first ionization energy of the target elements.

The relationship between the first ionization energy and the atomic number is shown in
Fig. 11[15]. The material we choose as the propellant is Zinc (Zn) whose atomic number is 30.
The first ionization energy of Zn is 9.4 eV. Therefore, we should provide the electrons with the

energy over 9.4 eV to impact the Zinc vapor to achieve ionization.
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Figure 11: Relationship between first ionization energy and atomic number.

1.3.2 The design of the MIT-MEB

Shown in Fig.12[8], there are two parts of the MIT-MEB: a metal evaporator combining
with an ion accelerator and a neutralizer. Similar to an E-beam evaporation, free electrons
around the heated filament are accelerated by the high electric field and bombard the target.
The target is heated when electrons transfer their kinetic energy to the thermal energy of the
target when they bombard on it. As a result, the metal vapor is generated when the target is
hot enough. A high-density electron cloud is confined by a magnetic field between the metallic
target and the heated filament (E-gun) provided by a focusing magnet. When the metal vapor
passes the electrons cloud, a part of the vapor will be ionized by being collided by the high-
energy electrons. Those ions are then accelerated by the applied electric field. When ions leave
the thruster, they attract electrons provided by the neutralizer so that the thruster is kept

neutral.
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Figure 12: Regular MIT-MEB.

1.3.2.1 The structure of MIT-MEB Shown in Fig. 13 is the modified MIT-MEB we
test. The only difference between Fig. 12 and Fig. 13 is an extra voltage V,, keeping the
potential of the accelerating grid lower than the E-gun and the neutralizer. The high electric
field is provided by V.., and I is the electric current that heats the target. The thermal
energy of the free electrons around the filament of the E-gun and the neutralizer is provided
by the current Iy and I, respectively. Vi and V¢ are the voltages of the E-gun and the
neutralizer, respectively. The parameter V,, between the accelerating grid and the E-gun and
the neutralizer is used to prevent the electrons from the E-gun and the neutralizer passing
through the accelerating grid. Therefore, the potential of the accelerating grid is lower than
that of the E-gun and the neutralizer providing the small electric fields toward accelerating
grid at both sides of the accelerating grid. When ions leave the thruster, they attract electrons
with the same charge number to keep the thruster neutral. It can be seen from the equivalent
circuit of the MIT-MEB shown in Fig. 14[16]. The current I, is provided by leaving electrons
which equals to the ion current I;,,. And the current I, for the filament of the neutralizer and
I, merge at point d. Then, Iy including by I, and I goes through the resistance R, of the

neutralizer. When Iy arrives at point b, I will break into I, and I,. I, is the same as the
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current I, back to the cathode of the neutralizer. Therefore, I, is equal to I, and also equal to
the ion current [,,. It is the reason why we measure the ion current with the current monitor

between the neutralizer and the accelerating grid to get the ion current Iy,.

Figure 13: The structure of MIT-MEB.

Figure 14: The equivalent circuit of MIT-MEB.
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1.3.2.2 The prototype of the MIT-MEB Shown in Fig. 15 is the design of the MIT-
MEB according to the structure given in Fig. 13. We use three focusing magnets whose radius
and height are both 10 mm. They are stacked on top of each other. They are placed underneath
the metal target such that the gap between the top surface of the magnet and the bottom of
the target is 2 mm. The radius of the metal target is 15 mm and the thickness is 0.5 mm. The
E-gun is placed 3.5 mm above the metal target. The accelerating grid is 7 mm above the E-gun.
Finally, the neutralizer is 7 mm above the accelerating grid . The length of the filaments of the
E-gun and neutralizer are both 10 mm. We use this format to build the prototype as shown in
Fig. 16[8].

Shown in Fig. 16 (a) and (b), the outer cases of the MIT-MEB are either quartz or ceramics.
The melting point and the density of ceramics are 2054 ° C and 3.97 g/cm?, respectively. This
material is strong, durable and heat-resistant so that it is good for experiments. On the other
hand, the melting point and the density of the quartz are 1650 ° C and 2.65 g/cm?, respectively.
Although it is crystal brittle, it is easier for observation because it is transparent. We use the
prototype with the ceramics outer case to conduct experiments and prototypes with the quartz

outer case for exhibition.

Figure 15: Design of the prototype.
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Figure 16: (a) The (CAD) drawing of prototype, and (b) the photograph of the MIT-MEB.

1.3.2.3 Previous results In Kuo-Yi’s thesis[§], he did experiments with the accelerated
voltage V.. equal to 1 and 5 kV. Different electric currents were used to keep the power of the
E-beam equal to 15 W. His experimental results are shown in Table 2. The total power was
including the powers of E-beam, E-gun, and the neutralizer. We can see that the evaporation
rate of using 5 kV was higher than that of using 1 kV. However, the ionization rate of using 5
kV is less than that of using 1 kV. It means that larger V,.. had better evaporation capability
but lower the ability of ionizing gas. It is important to understand how different V.. influence
the performance of the MIT-MEB. Therefore, I did experiments and simulations with different
Vace-

Table 2: Comparison of thruster parameters of 1 kV and 5 kV of MIT-MEB under same E-beam

power.
| Condition | Total power (W) | Evaporation rate (g/s) | Ionization rate (%) |

5 kV/3 mA 248+ 1.1 (22+0.4) x 102 0.03 £ 0.01
1 kV/15 mA 26.2 0.7 (18+0.3) x 10°° 1.10 £ 0.30

1.3.2.4 Cross section of electron impact ionization for zinc The cross section of
electron impact ionization strongly depends on the electron energy. Larger cross-section means
the atom is ionized by the electron impact easier. Therefore, the cross-section for electron
impact ionization needs to be considered. As shown in Fig. 17¢[17], the cross section of
electron impact ionization for Zinc peaks at 60 eV. The voltages, 1 kV and 5 kV, Kou-Yi used

in his experiments were too high. Therefore, we should decrease the acceleration voltage to
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increase the cross-section of electron impact ionization for Zinc so that the ionization fraction
can be increased. However, the electrons are not only used to ionize the vapor but also to
generate vapor so that the acceleration voltage should not be too small. Therefore, I want to

study the performance of MIT-MEB with lower voltage.

Figure 17: . The cross section of electron impact ionization for Zin.

1.4 Force competitions

Charged particles interact with electromagnetic fields. The Lorentz force ? is the force felt

by a charged particle in an electromagnetic field:

?:q<ﬁ+7x§) (12)

where ? is the Lorentz force, ¢ is the charge of the charged particle, ﬁ is the electric field, 7
is the velocity of the charged particle, and ? is the magnetic field. It can be used to describe
the interactions between charged particles and electromagnetic fields. Therefore, we are able
to control the energy and directions of electrons by electromagnetic forces. As shown in Fig.
18 (a) and (b), the electrons are accelerated by the electric field. On the other hand, they gyro

around magnetic field lines. Since the magnetic field is not uniform, electrons can be reflected
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by the magnetic-mirror effect. Therefore, the trajectories of electrons are determined by the

competition between the two forces as shown in Fig. 18 (c).

(a) (b) ()

Figure 18: Influence of (a) electric field, (b) magnetic field, and(c) force competition in the
MIT-MEB

1.4.1 The electric force

The positive charge in the electric field is accelerated in the same direction of the electric
field, but the negative charge in the electric field is accelerated in the anti direction. Therefore,
the electric force of the charged particle is the term qﬁ in Eq. 12. Then, a charged particle
can obtain the kinetic energy from the acceleration of the electric field. We can express the

electric force:

?E = qﬁ =q(=VV) (13)

where V' is the electric potential. An electron accelerated by an electric potential of 1 volt
obtained the kinetic energy 1 eV equal to 1.6 x 107 J as shown in Fig.19. So, we can change
the electric potential V' = V.. in the MIT-MEB to provide different strength of the electric

field and thus give the charged particle different kinetic energy.

Figure 19: The electrons are accelerated by electric fields.
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1.4.2 The magnetic mirror effect

The magnetic force can be categorized into two cases:
1. An uniform magnetic field.
2. A non-uniform magnetic field.

How charged particles behave in these two cases are giving in the following.

1.4.2.1 Uniform magnetic fields The term in Eq. 12, q7 X ﬁ, represents the magnetic
force acting on the charged particle. The direction of the force is perpendicular to the direction
of the magnetic field and the velocity of the charged particle. The charged particles change
their directions as shown in Fig. 20[18]. Therefore, we can use the magnetic field to control

the directions of electrons.

Figure 20: The charge is deflected by the influence of the magnetic field.

Since the magnetic force is the centripetal force for the charged particle in a circular motion,
we can have the gyroradius defined as the radius of the circular motion of the charged particle

in the presence of a uniform magnetic field. It is given by:

muv

~laB )

rL
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where rp, is the Larmor radius, m is the mass of the particle, v, is the component of the velocity
perpendicular to the direction of the magnetic field, ¢ is the electric charge of the particle and
B is the strength of the magnetic field.

We can use the Larmor radius to estimate the period of the electron circular motion given
in Eq. 15. Then, we can use the Larmor radius to check if the simulation with the magnetic
field is correct and use the period to estimate the time step used in the simulation.

T 2mr |

(15)

U1

1.4.2.2 Non-uniform magnetic fields In a non-uniform magnetic field, charged particles
are also reflected by the magnetic-mirror effect when charged particles move from the region
with a weaker magnetic field into the region with a stronger magnetic field. The reflection force

is represented as

Fy=—uv)[B) (16)

where ?B is the magnetic-mirror force, V”§ is the gradient of the magnetic field along the

magnetic field. The parameter p is the magnetic moment of the gyrating particles defined as

1 2

| B

(17)

=
Il

The magnetic moment p is a constant for a charged particle in any magnetic field without
forcesalong with the magnetic force other twins magnetic force. As the charged particle moves
into the region with stronger B, its v; becomes higher. On the contrary, v, which is the
component of the velocity parallel to the direction of the magnetic field, becomes lower according

to the energy conservation:

d/1 ,\ d/1 , 1 ,
E(§mv>:%(§mv|+§mz&):0 (18)

where m is the mass of the charged particle, and v is the total velocity. When the whole kinetic
energy transfers into the term of v, the charged particle will be reflected as a result of v =0

as shown in Fig. 21[19]. The position where the charged particle is reflected is called the mirror
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point.

Figure 21: The magnetic mirror effect.

Although charged particles are slow down due to the magnetic-mirror effect, not all charged
particles are reflected. Assume that we have a charged particle with the initial velocity v which
is composed by 'U_m) and ’Im. Velocities v_m> and 1%) are components perpendicular and parallel
to the direction of the magnetic field, respectively. When the ratio v, /v is too small, v is too
large to be decelerated to zero by the magnetic-mirror force. In other words, the initial velocity
vp can not be transferred completely into the component of v, in the strong-field region. So,
the charged particle will go through the strong magnetic field region.

In the case there is no external force parallel to the magnetic field, the magnetic moment p

is an invariant and v, in the different field region can be assumed by:

1mvio_lmvf
2 B 2B

(19)

where B, is the magnetic field of the initial location at which the charged particle is, B’
is the magnetic field at any location other than the initial location, and Ul is the velocity
perpendicular to the magnetic field B" at the same location. Assuming that the location with
the magnetic field B’ is the charged particle stopped, the velocity UI/I parallel to B" becomes

zero. Then, conservation of energy requires

vh =gy + Ugu =P, (20)
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Therefore,

2 2

BO_UJ_O_UJ_O_-ZQ 91

B2 e = sin (21)
1 0

%
where 6 is the pitch angle of ¢ relative to By. Assuming that By, is the magnetic field at the
location where we want the charged particle to be stopped, which is the mirro point, we can

get the angle 6, by

By

sin? 6, = )
B,

(22)

If # is smaller than 6,,, it means B’ is larger than B,,. In the other words, By, is too small to
stop the charged particle with the initial velocity v with the pitch angle 6. Therefore, we can
get a boundary of a region in velocity space in a cone. This region is called the loss cone as

shown in Fig. 22[20].

Figure 22: The loss cone.

For particles not in the loss cone, they are reflected. On the other hand, particles in the
loss cone would penetrate through the mirro point. In the MIT-MEB, the magnetic field is not
uniform. Electrons in the loss cone can arrive the target and evaporate it. On the contrary,
electrons not in the loss cone, they are trapped forming an electron cloud. The loss cone of the

system is important to be studied in simulations.
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1.4.3 The competition between the electric field and the magnetic-mirror force

We can imagine that if v of the charged particle is larger enough, it can go through the
region with the strongest magnetic field. The larger the electric field gives the electron more
kinetic energy in the term of v, the position of the mirror point is closer to the target in
MIT-MEB. As shown in Fig. 23 (a), h; and he are the distance between Mirror Point, s
and the target, respectively. When the electric field E; is smaller than Es, h; is larger than
hy. Therefore, the location of the electron cloud is determined by the competition between
the electric force and the magnetic-mirror force. If we use a larger electric field, the electron
cloud is confined closer to the target as shown in Fig. 23 (b). However, if we use a smaller
electric field, the electron cloud is confined farther away from the target as shown in Fig. 23 (c).
When the electron cloud is closer to the target, electrons are easier to arrive and evaporate the
target. However, the ionization rate is lower as a result of fewer electrons stay in the electron
cloud for ionizing the vapor. On the contrary, if the electric field is lower, the electron cloud is
farther away from the target. As a result, fewer electrons reach the target leading to a smaller
evaporation rate. Nevertheless, the electron cloud may have higher electron density leading
to a higher ionization rate. There will be an optimal electric field for providing a sufficient

evaporation rate and a higher ionization rate.

(a) (b) (c)

Figure 23: (a) The positions of the mirror point with different eletric fields (b) The position of
the electron cloud in the large electric field (¢) The position of the electron cloud in the small
electric field

1.5 Goal

The MIT-MEB is a new ion thruster developed by the formal student Kuo-Yi Chen. In his

thesis, the ionization rates in the MIT-MEB were too small for practical uses. It is important to
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study the electron behaviors and potentially increase the efficiency of the MIT-MEB. We would
like to focus on the force competitions between the electric force and the magnetic-mirror force.
Both experiments and simulations were conducted. In Chap. 2, I will show the experimental
results using different V... In Chap. 3, I will show the simulation results for studying the force
competitions. Then, the discussion will be shown in Chap. 4. Finally, the summary will be

given in Chap. 5.
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2 Experiments

In this chapter, I will introduce experiments of testing the MIT-MEB including the vac-
uum system, experimental setup, standard operation procedure (SOP) of experiments, and

experimental results.

2.1 Parameters in the MIT-MEB

The thrust and the specific impulse are the important parameters of the thruster to be
measured. It is not easy to measure them directly. However, the evaporation rate and the
ionization rate are the parameters easier for us to measure. Therefore, we use the evaporation

rate and ionization rate to calculate the thrust and the specific impulse of the MIT-MEB.

2.1.1 Evaporation rates

The thrust is provided by an exhausted propellant. First, we need to know how many
solid propellants become vapor. It is difficult to measure the instant vapor flow during the
experiment. So, we measure the mass differences of the target before and after each experiment
to calculate the averaged evaporation rate rma defined as

. mi; —m
MMetal = Tf (23)

where m; is the mass of the target before the experiment, m; is the mass of the target after the
experiment, and At is the time difference before and after the experiment.

We used the electronic scale, Sartorius TE124S, shown in Fig. 24 to measure the mass of
the target. The precision of the scale is 0.0001 g. Therefore, only the mass difference over 0.001

g was treated as a significant difference when we calculated the averaged evaporation rate.
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Figure 24: The electronic scale Sartorius TE124S.

2.1.2 Ionization rates

The vapor is ionized via electron impact ionization by electrons located between the target
and the E-gun in the MIT-MEB. However, not all vapors are ionized. We measured the ion
current to know how many ions were exhausted per second. Then, we could calculate the ratio

between the number of ions to the number of neutral gas called ionization rate 3 as

. -1
5 _ % « (mMetal) (24)

Matom
where [, is the ion current measured according to the equivalent circuit of the MIT-MEB in
Fig. 14, ¢ = 1.6 x 107 coulomb is the elementary charge, and maiom is the mass of a metal

particle.
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2.1.3 Thrusts and I,

From Eq. 1, thrusts are from the ejected propellant mass per second with a constant exhaust
speed. In the MIT-MEB, the thrusts are provided by both vapor and ions. So, we can express

the total thrust Fio as

QkBTva 2(]V
. . . / por . acc
Eotal = Fvapor + Eon = MyaporVvapor + MionVion = MMetal (1 - B) m + mMetalﬁ

atom

atom

(25)
where thrusts from vapor and from ions are Fyapor and Fiop, respectively. The exhaust speed

of the vapor, vyapor, is the thermal velocity \/% where Tiapor is the temperature of the

vapor. It is smaller than the exhaust speed of the ions 4/2%%<  Therefore, more ions, higher
thrusts.
Then, we can express Eq. 2 with Eq. 25 as
Fo al 1 2kBirlva or 2q‘/acc
[p=—20 = 2 |(1— )y — % 4 3 (26)
Metald g ion Mion

The electrical energy ¢V, is easier to control than the thermal energy kgTiapor. Most impor-
tantly, ¢Vacc is generally much higher than kgTyapor. Therefore, we want to get higher 3 in the
MIT-MEB to make this thruster have higher thrusts and Is,. However, we only focused on

evaporation rates in this thesis.

2.2 Vacuum system

The experiment was done in a vacuum chamber. It was because the tungsten wire used in
the Neutralizer and the E-gun would be oxidized and damaged in the atmosphere. On the other
hand, the mean free path must be larger than the size of the experimental environment in order
to avoid the loss of energy due to the collision of accelerated electrons with ions and background
gas molecules. Moreover, we can verify whether it can operate in the space environment in the

future.
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2.2.1 Design of the vacuum system

The design of the vacuum system I used is shown in Fig. 25. I used the quartz tube as
the vacuum chamber whose diameter, height, and wall thickness were 200 mm, 250 mm, and 5
mm, respectively. There were two stainless-steel plates as the top cover plate and the bottom

cover plate.

1. The top cover plate: It had five KF 25 flanges for connecting the ball valve, the low

vacuum gauge, the ion gauge, and two electronic feedthroughs.
2. The bottom cover plate: It had one KF 50 flange and four KF 16 flanges.

(a) KF 50 flange: It was for connecting the high vacuum pump. I used a diffusion pump
to be the high vacuum pump instead of the turbomolecular pump Kuo-Yi used.

Back of the diffusion pump was connected to a KF25 Radius 90° Elbow.

(b) KF 16 flanges: One of them was connected to the electronic feedthrough for V..

The others were not used.

Figure 25: Design and setting of the vacuum system

Another side of the KF25 Radius 90° Elbow was connected to the angle valve and the rotary
pump originally. According to the airflow path of the vacuum system shown in Fig. 26(a), I
added a gate valve between the chamber and the diffusion pump and a ball valve between the
diffusion pump and the rotary pump. Therefore, it reduced the time for experiments since

we don’t need to vent the chamber after the diffusion pump was cooled down. The SOP of
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the vacuum system is in Appendix A. The actual experiment setup of the MIT-MEB in the

vacuum system is shown in Fig. 26(b).

(a) (b)

Figure 26: (a)Airflow path of the vacuum system (b) Realistic vacuum system

In Kuo-Yi Cheng’s thesis, the background pressure he started to do experiments was about
1.3 x 1072 Pa ( 1 x 1075 torr).[8] However, the diffusion pumps in my vacuum system only
provided about 7.3 x 1073 Pa (5.5 x 1077 torr) as the background pressure. The mean free path
is 5.9 x 1071 ~ 5.9 x 10° m for pressure equal to 1072 ~ 1073 Pa. The size of the chamber is
smaller than the mean free path. Therefore, I did experiments in this vacuum system even the

background pressure was a little higher than that in Kuo-Yi’s experiments.

2.3 Experimental setting

According to Fig. 13, I needed some power supplies to provide voltages and currents to
the MIT-MEB. I also had the multimeter and the vacuum gauge to measure the ion current

and the background pressure. The instruments I used were shown in Fig. 27.
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Figure 27: Power supply system of MIT-MEB.

1. Power supply 1:
It provided the currents and the voltage for controlling the filament temperature. The

filament temperature influenced the amount of electron emission.

(a) Ir and V;: They were the current and the voltage of the E-gun, respectively. Adjust-

ing It could control the emitted electron current I, from the filament.

(b) I and Vye: They were the current and the voltage of the neutralizer, respectively.
2. Power supply 2:

(a) Vaee: The voltage between the E-gun and the target for providing the high electric
field. Electrons from the E-gun were accelerated by this electric field to bombard the

target. The ions were also accelerated by this electric field to exhaust the thruster.
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(b) I.: The electric current that heated the target. It was determined by the ability to

release free electrons from the E-gun filament. It is controlled by adjusting I;.

3. Power supply 3: It provided the voltage V,, between the accelerating grid and the E-gun
and the neutralizer. The potential of the accelerating grid was lower than that of the E-
gun and the neutralizer to provide the small electric fields at both sides of the accelerating

grid. It prevented electrons from passing through the accelerating grid.

4. Multimeter: It was to measure [, which equaled the ion current I;,, as a result of the

equivalent circuit of the MIT-MEB shown in Fig. 14.
5. Vacuum gauge:
(a) Low: It showed the pressure measured by the Pirani vacuum gauge whose range was

105 ~ 10! Pa, which was a low vacuum condition.

(b) High: It showed the pressure measured by the ion gauge whose range was 1 ~ 107>
Pa, which was a high vacuum condition. It was turned on only if the pressure in the
chamber was less than 6.7 Pa or the diffusion pump had been turned on for over one

hour.

I label all terminals of the MIT-MEB and the instruments as shown in Fig. 28. It can help to

connect the instruments and the MIT-MEB with Table 3.
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Figure 28: Numbers of the MIT-MEB and the instruments

Table 3: Numbers of the item and connect item

[tem \ Number \ Connect Numbers ‘
E-gun + 1 7
E-gun - 2 6, 11, 12, 16, Ground
neutralizer + 3 9
neutralizer - 4 8, 13
target ) 10
accelerating grid 15 17

2.4 SOP of experiments

1. Put the MIT-MEB without the focusing magnet into the vacuum chamber, and connect

terminals of the thruster to the corresponding feedthrough shown in Table 3.
2. Pump the pressure of the vacuum chamber down to 4.5 x 107° torr (6.0 x 1073 Pa).
3. Bake the MIT-MEB.

(a) Connect E-gun and neutralize to the power supply 1 (power 1).

Note: Refer to Fig. 28, connect 1 and 7, 2 and 6, 3 and 9, 4 and 8 by wires with

alligator clips.
(b) Set Vi, Vi, I and I to zero.
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10.

11.

12.

(¢) Turn on Power supply 1 and press the "output” button.
(d) Turn V; and Vi to more than 4 V.

(e) Turn Iy and I, to 2 A to make filament glow and bake the thruster.
Note: In order to drive Iy and I, to the set current, V; and Vi need to be high

enough so that the power supply is at constant-current (C.C.) mode.
(f) The pressure may increase when the MIT-MEB is being baked.

(g) Check if the pressure decreases back to the original pressure or if the MIT-MEB has

been baked for two hours.
Turn off power supply for driving the E-gun and the neutralizer.
Vent the chamber.
Take MIT-MEB out of the chamber and measure the mass of the target immediately.
Put the focusing magnet in the MIT-MEB.

Put the MIT-MEB with the focusing magnet into the vacuum chamber. Connect all

terminals of MIT-MEB to the corresponding feedthroughs.
Pump the pressure of the vacuum chamber down to 4.5 x 107 torr (6.0 x 1073 Pa).
Repeat step 3 and step 4 to bake the MIT-MEB again to dry the MIT-MEB.

Connect all terminals of the MIT-MEB to all instruments according to Fig. 28 and Table
3.

Zeroing

(a) Set Vi, Vi, Iy and I to zero.

(b) Turn on Power supply 2 and adjust V.. to the voltage required for the experiment.
(¢) Turn on Power supply 1 and press the "output" button.

(d) Turn Vi¢ to more than 3 V.

(e) Turn Iy to 2.33 ~ 2.55 A.

(f) Turn on Power supply 3 and press the "output" button.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

2.5

(g) Adjust V, until I, becomes zero.
(h) Turn off Power supply 2 without adjusting the output voltage.

(i) Turn Vi to zero.
Turn on Power supply 2.
Turn on Power supply 1 and adjust V; to more than 3 V for driving the E-gun.

Adjust Iy and observe I, until I, reaches the set current.

Note: I; should not be over 3 A to prevent the filament from being broken.
Turn Vi to 3 V.

Use the camera to record all data and experimental time or write down experimental time

manually.

Turn all Power supply off.

Vent the chamber.

Take the MIT-MEB out of the chamber and measure the mass of the target immediately.

Calculate the averaged evaporation rate and the ionization rate using Eq. 23 and Eq. 24.

Experimental results

I did experiments with the accelerated voltage V.. equal to 500, 750, and 1000 V. Different

electric current I, were used to keep the power of E-beam equal to 7.5 W. To provide different

1., different filament current Iy was used. Therefore, I show the experimental results include I,

power of the E-gun, I, power of E-beam, actual V.., and evaporation rate with different V..

2.5.1 Actual V.

Power supply 2 might not provide stable V,... Actual V,.. shown in Table 4 are the averaged

voltages I used in experiments. In Fig. 29, the x-axis is the set V.., and the y-axis is the ratio

between actual V.. and the set V,... The ratio of each V,.. was around 1. It means V,.. was

well controlled.
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Table 4: Actual V..
| Vaee (V) | ActualViee (V) | ActualVoee/set Viee |

200 205 £1 1.0£0.0
750 753 £ 2 1.0£0.0
1000 1003 =1 1.0£0.0

Figure 29: The ratio between actual V.. and goal V..

2.5.2 Electron currents /., and Powers of E-beam

I would like to study how evaporation rates depend on V... In order to keep the powers of
E-beams in all experiments the same, the electron currents I, were different with different V...
The power was kept at 7.5 W. The electron currents I, are shown in Table 5. The corresponding
powers are shown in Table 6 and Fig. 30. Therefore, I can exclude the influence of the power

of the E-beam on the evaporation rate.

Table 5: I, with different V..
| Vaee (V) | I (mA) |
500 15.0£0.5
750 10.0£0.5
1000 7.5+0.3

Table 6: Power of E-beam with different V...
] Vace (V) \ Power of E-beam (W) ‘

200 7.6£0.2
750 7.5+0.4
1000 7.5£0.3
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Figure 30: Power of E-beam with different V...

2.5.3 Characteristic of the E-gun

Electrons of the electron current I, were provided by the tungsten filament as the E-gun
heated by the current I;. Table 7 and Fig. 31 are the current Iy and the voltage V; of the
tungsten filament with different V... The powers of the tungsten filament with different V.
were calculated by the current I; and the voltage V;. I calculated the temperatures of the
tungsten filament according to the heating powers of different V.. using Eq. 9 and show them
in Table 8 and Fig. 32. These temperatures influenced the thermionic electron emission. I got
the emission current density J using Eq. 7 with the calculated temperatures of the tungsten
filament shown in Fig. 33. When I, and J were compared to each other and as shown in Fig. 34
and 35, I found that I, was much smaller than the current emitted from the tungsten filament
with V,.. equal to 500 V. It means emitted electrons may not reach the target contributing to
the current I, if the accelerating voltage V,.. deceased.

Table 7: I; and V; with different V..
Vaee V)] L (A) | (V) |
500 2.19+£0.05 | 3.6 £0.1
750 2.06 £0.02 | 2.8 £0.1
1000 1.954+0.01 | 2.8 4+0.1
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Figure 31: Iy and V; with different V.. with different V..

Table 8: Power of E-gun nd the tungsten temperature with different V..

| Vace (V) | Power of E-gun (W) | Temperature (K) |

500 7.8+0.3 3060 £ 30
750 2.8+0.2 2840 £ 20
1000 2.4+0.2 2790 £ 20

Figure 32: Power of E-gun and the tungsten temperature with different V..
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Figure 33: Iy and the tungsten temperature with different V..

Figure 34: I, and J with different V..
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Figure 35: The ratio between I, and J with different V..

2.5.4 Evaporation rates

Table 9 shows evaporation rates with different V,.. calculated using Eq. 23. Evaporation
rates in experiments with 750 V was an order higher than evaporation rates in experiments
with the other two cases. However, the variation of evaporation rates in experiments with 750
V was very large. That means the position of the electron cloud in experiments with 750 V

was not stable.

Figure 36: Evaporation rate with different V..
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Table 9: Evaporation rate with different V..
Vaee V) [ ierar (8/5) ]

500 (1.6 £0.1) x 107°

750 (1.44+1.9) x 107°

1000 (2.0+1.0) x 107

2.6 Summary

In experimental results, the variation of evaporation rates with 750 V showed that the
position of the electron cloud in experiments with 750 V was not stable. Then, I, was much
smaller than the current emitted from the tungsten filament if the accelerating voltage Ve
deceased. I suspected that emitted electrons did not reach the target contributing to the
current I.. The hypothesis is that force competitions between the force from the electric field
and that from the magnetic field as described in section 1.4 play an important role in the
MIT-MEB. Therefore, I did the simulation of the electron trajectories and show them in Chap

3 to verify the hypothesis.
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3 Simulations

After I did experiments with different V.., I found that the electric currents I, were much
smaller than the expected current emitted from the filament as the E-gun due to the thermal
emission. In other words, emitted electrons may not reach the target contributing to the
current .. So, as described in section 1.4, I thought force competitions between the force from
the electric field and that from the magnetic field would influence the electron trajectories.
Therefore, I did the simulations on electron trajectories using COMSOL[21] to check if this
hypothesis is correct or not.

We have done the following simulation to check our hypothesis:

1. ﬁ X § drift: it was used to verify that COMSOL could simulate electron trajectories

with the electric field and the magnetic field.

2. Simplified Model: it was used to simplify the electric field and the magnetic field to axial

symmetric.
3. The electric field and the magnetic field : they were simulated first without electrons.

4. Electron trajectories with the electric field only: to check if electrons were accelerated by

the electric field.

5. Electron trajectories with the magnetic field only: to check if electrons had the gyro

motion in the magnetic field and were reflected by the magnetic mirror force.
6. Electron trajectories with the electric field and the magnetic field.

(a) Electron trajectories with the electric field and the magnetic field with different
initial pitch angles: to check if some electrons accelerated by the electric field were

in the loss cone while some electrons were still outside the loss cone.

(b) Electron trajectories with the electric field and the magnetic field with different V,..:

to find the best V,.. which can support the hypothesis of the force competitions.
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31 E x B drift

I need to check whether the electron trajectories with the electric field and the magnetic
field simulated using COMSOL is correct or not. Therefore, we simulated the B X § drift
and compared it with the analytical solution. When the charged particle moves in the uniform
electric field and an uniform magnetic field which are not parallel to each other, the particle
drifts across the magnetic field lines. The electron gyro around a guiding center while the
guiding center drifts in the direction perpendicular to the electric field and the magnetic field.
This drift is called ﬁ X § drift. The B X ﬁ drift is a simple case to check if we can simulate
the charged particle trajectory using COMSOL.

First, I set the model as shown in Fig. 37. Second, I set the uniform electric field ﬁ =1
V/m in & and the uniform magnetic field ﬁ =1 T in 2. Third, I put a charged particle whose
mass was 1 kg and charge was —1 coul at the origin. Fourth, the total simulation time I set
was 4 seconds. The number of steps was 4001. The charged-particle trajectory is shown in Fig.
38. The guiding center of the gyromotion drifts in —g. The drift velocity of the guiding center

Ve in theory[20] is

ExB )

Viewn = =g = =1 (m/s); (27)
where B is the amplitude of ﬁ

I picked the drift distance L of the guiding center during the time different /At shown in

Fig. 39 to calculate the drift velocity of the guiding center in simulation:

vk —2.00 — (—0.42) (m)  —1.576 (m)
BTN 1.57 (s) ~1.57(s)

= —1.003 (m/s) . (28)

The difference between the analytical solution and the simulation result is less than 1 %. We

can simulate the electron trajectories using COMSOL.
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Figure 37: The cube model.

Figure 38: The ﬁ X ﬁ drift of the charged particle.
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Figure 39: The drift distance of the guiding center.

3.2 Simplified Model

Shown in Fig. 40 is the simplified model of MIT-MEB in simulation. The filament of the
E-gun is replaced by a disc filament whose radius is the same as the length of the filament. In
this case, the electric field and the magnetic field are simplified to axial symmetric. However,

electron trajectories are simulated in 3D.

(a) (b)

Figure 40: The Simplified Model of MIT-MEB (a) in y-z plan, and (b) in x-y plan.
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3.3 The electric field and the magnetic field

Shown in Fig. 41-43 is the electric potential and the electric field lines in y-z plane with
Vace €qual to 500 V, 750 V and 1000 V, respectively. Shown in Fig. 44-46 is the electric field
and the electric field lines in y-z plane with V.. equal to 500 V, 750 V and 1000 V, respectively.
I set the filament at ground and the target at V,... The electric fields around the center of the
filament are uniform. Therefore, I can use this region to check if the electron trajectory with
only the electric field is correct or not.

Shown in Fig. 47 is the magnetic flux density and the magnetic field lines in y-z plane. I
use 1050,000 [A/m] for the magnetization of the magnet according to Kuo-Yi’s thesis[8]. The
magnetic field line at the center of the filament is a straight line. Therefore, I can use this field
line to check if the electron trajectory with the magnetic field in this simulation is correct or

not.

Figure 41: The electric potential and the electric field lines with V,.. which is equal 500 V.
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Figure 42: The electric potential and the electric field lines with V,.. which is equal 750 V.

Figure 43: The electric potential and the electric field lines with V.. which is equal 1000 V.
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Figure 44: The electric field and the electric field lines with V.. which is equal 500 V.

Figure 45: The electric field and the electric field lines with V.. which is equal 750 V.
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Figure 46: The electric field and the electric field lines with V.. which is equal 1000 V.

Figure 47: The magnetic flux density and the magnetic field.
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3.4 Electron trajectories with the electric field

Shown in Fig. 48-50 are the electron trajectories in y-z plane with the electric field of V..
equal to 500 V, 750 V and 1000 V, respectively.

Points in figures are locations of electrons at the end of each simulation. All electrons were
from the same initial positions with an initial velocity equal to zero. The initial positions in x-z
plane were 02 4+ 3.82. The initial positions in § were from 0 to 5 after each interval of 1 mm.
The total simulated time was 5 x 107! seconds with 1001 steps. Electrons without a magnetic
field moved along electric field lines. However, the electron from the edge of the filament was
accelerated too fast such that the trajectory was not totally aligned with electric field lines.
The electron acceleration from the electric field is smaller when V.. is lower. As a result, the
electrons accelerated by 500 V are futher away from the focusing magnet than the electrons

accelerated by 1000 V at the end of the simulations.

Figure 48: The electron trajectories with the electric field in V.. which is equal 500 V.
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Figure 49: The electron trajectories with the electric field in V,.. which is equal 750 V.

Figure 50: The electron trajectories with the electric field in V,.. which is equal 1000 V.

I chose the electron at the center of the filament to check if the simulated electron trajectory

with the electric field was correct or not. Table 10 shows the displacements of electrons at
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the center from the analytic calculations and from simulations in different V... D is the
displacement from the simulation, and S is the displacement from the analytic calculation. S

is calculated using Eq. 29 and 30.

F—mea_qEzqd, (29)
1 1 qV,

S: - t2_ vacc 2 30
2" T 2 (30)

where F is the electric force, m, is the mass of the electron equal to 9.1 x 1073! kg, a is the
acceleration of the electron by the electric field E, and d is the distance between the filament
and the target equal to 3.5 mm.

Differences between D and S are 2 %. It means that the electron trajectory with the electric
field in simulation is promising.

Table 10: The displacement of simulation and the calculation in different V..
’ Vace (V) ‘ time (s) ‘ D (mm) ‘ S (mm) ‘ S/D ‘

500 5.00 x 10710 3.20 3.14 0.98
750 4.10 x 10710 3.22 3.17 0.98
1000 | 3.55 x 10719 3.22 3.17 0.98

3.5 Electron trajectories with the magnetic field

I set the value of initial velocity as the thermal velocity calculated by Eq. 8 and 9. The
value of initial velocity is about 3 x 107® m/s. The magnetic field in MIT-MEB was not
uniform. Electrons might be trapped by the magnetic-mirror effect. The angle of the loss cone
in MIT-MEB supposed to be

By 0.3(T) 2

in?0 = —, = =2 =0=>54T° 1
S0 = = gasr) — 3 VAT (81)

where By is the magnetic field at the center of the disc filament and B’ is the magnetic field
above the center of the target. Then, I built Table 11 which shows initial angles and their
corresponding initial velocities whose value is around 3.00 x 10° m/s. v, is the initial velocity
in ¢y and v, is the initial velocity in 2. I can follow this table to set the initial velocities in

simulations.
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Table 11: The initial angle and the initial velocity.
| The initial angle | v, (m/s) | v, (m/s) |

04.8° 2.45 x 10° | —1.73 x 10°
06.4° 2.50 x 10° | —1.66 x 10°
60.0° 2.60 x 10° | —1.50 x 10°
70.0° 2.82 x 10° | —1.03 x 10°
80.0° 2.95 x 10° | —0.52 x 10°
90.0° 3.00 x 10° | 0.00 x 10°

To show that electrons not in loss cone will be reflected by the magnetic-mirror froce, I did
simulations of electron trajectories where the pitch angles of the initial velocity relative to the
magnetic field line larger the angle of the loss cone. The total simulated time was 4 x 1078
seconds with 40001 steps. Shown in Fig. 51 and Fig. 52 are the electron trajectories with the
magnetic field in y-z plane with the initial angles equal to 54.8° and 56.4°, respectively. The
points in the figures are the locations where the electrons at the end of the simulation. In both
cases, we can see electrons are reflected back up due to the magnetic mirror effect. To show
that electrons do gyro motion around magnetic field lines, I chose the electron from the center
of the filament in both cases. Shown in Fig. 53 and Fig. 54 are electron trajectories with
the magnetic field in x-y plane with initial angles equal to 54.8° and 56.4°, respectively. The
trajectories are looked like a lot of circles. It means converged. Then, I can also check that
electrons have gyro motions in simulations in the x-y plane when they have the initial velocity

perpendicular to the magnetic field at the center of the filament.

54 doi:10.6844/NCKU202003198



Figure 51: The electron trajectory with the magnetic field and the initial angle equal to 54.8°
in the y-z plane.

Figure 52: The electron trajectory with the magnetic field and the initial angle equal to 56.4°
in the y-z plane.
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Figure 53: The electron trajectory with the magnetic field and the initial angle equal to 54.8°
in the x-y plane.

Figure 54: The electron trajectory with the magnetic field and the initial angle equal to 56.4°
in the x-y plane.

To show that electrons do gyro motions around magnetic field lines, I chose the electron
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from the center of the filament in the case with the initial angle equal to 56.4°. Top view of
the simulated trajectry is shown in Fig. 55. We found the radius of the circle, which was the
gyrodadius of the first circle. The gyroradius of the fitting was 4.73 x 1072 mm. The gyroradius

of the calculation was 4.74 x 1073 using the Eq.

mev

= 32
' ’q,Bo ( )

where v; is 2.5 x 10° m/s. The difference between the simulated radius and the calculated
radius was less than 0.5 %. The gyroradius from the fitting and the calculation were similar.

Therefore, the simulated electron trajectory with the magnetic field was correct.

Figure 55: The fitting of the gyroradius.

To show that the electrons are not reflected in the loss cone. I did the simulation with the
magnetic field and initial velocities of all electrons equal to —3 x 10° m/s Z as shown in Fig.
56. Electrons were magnetized so that they follow magnetic field lines and pass through the

target.
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Figure 56: The electron trajectory with the magnetic field and the initial velocity at z-axis.

In summary, for electrons in loss cone as shown in Fig. 56, they penetrate through the
mirror point and reach the target. They follow magnetic field lines and collide the center of
the target. Contrary, electrons in loss cone as shown in 51 and 52, they were reflected by the

magnetic mirror effect.

3.6 Electron trajectories in electric fields and magnetic fields

I did experiments with V.. equal to 500 V, 750 V and 1000 V. In the case where V..
equal to 500 V, the electric force was the smallest. Therefore, I chose this case to simulate
the electron trajectory in the electric field and the magnetic field with electrons with different
initial pitch angles relative to the magnetic field lines. Shown in Fig. 57-61 are the electron
trajectories in the y-z plane with the initial angle equal to 54.8°, 60.0°, 70.0°, 80.0° and 90.0°,
respectively. The corresponding initial velocities are shown in Table 11. The total simulated
time was 6 x 1070 with 601 steps. I found that electrons in all cases were magnetized so that
they followed magnetic field lines. However, they were not returned and reached the target
in all case. It means the electric force in V.. equal to 500 V was large enough such that all

electrons were accelerated downward and were in the loss cone. For example, in the case where
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the initial pitch angle was 54.8°, electrons were reflected as shown in Fig. 51. However, with

electric fields, electrons were not reflected.

Figure 57: The electron trajectories with the initial angle equal to 54.8° in the y-z plane.

Figure 58: The electron trajectories with the initial angle equal to 60.0° in the y-z plane.
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Figure 59: The electron trajectories with the initial angle equal to 70.0° in the y-z plane.

Figure 60: The electron trajectories with the initial angle equal to 80.0° in the y-z plane.
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Figure 61: The electron trajectories with the initial angle equal to 90.0° in the y-z plane.

3.7 Electron trajectories in electric fields and magnetic fields with

different V..

Shown in section 3.6, all electrons were accelerated by electric fields and reached the target
in all cases. Therefore, we would like to lowered V,.. more and see if electrons could be reflected.
Electrons have different accelerations with dfifferent V,... Therefore, different simulated time
and steps in the simulation are needed. I chose the simulated time when the electrons passed
through the target. Shown in Table 12 are different V.. with different total simulated time.
Initial velocities and pitch angles were 3.00 x 10° m/s and 90.0° in all cases. Simulated results
are shown in Fig. 62-66 for V,.. = 250,100, 50, 25, and 1 V. All electrons were accelerated into
the loss cone since no electrons were reflected in any cases. Nevertheless, electrons in all cases

were magnetized and followed magnetic field lines.
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Table 12: V,

. and simulated time.

’ Vacc (V)

Time (s) | Steps |

250

6 x 1071% | 601

100

1.5 x 1077 | 1501

50

2x107°

2001

25

2.5 x 1077 | 2501

1

1.5 x 1078 | 15001

Figure 62: The electron trajectories with V,..equal to 250 V in the y-z plane.
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Figure 63: The electron trajectories with V,..equal to 100 V in the y-z plane.

Figure 64: The electron trajectories with V,..equal to 50 V in the y-z plane.
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Figure 65: The electron trajectories with V,..equal to 25 V in the y-z plane.

Figure 66: The electron trajectories with V,..equal to 1 V in the y-z plane.
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3.8 Summary

In all simulations, no electrons were reflected once there were electric fields. It means the
electric force was much larger than the magnetic mirror force. Therefore, the hypothesis that

electrons were confined by the magnetic mirror effect was not correct.
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4 Discussions

In Chap. 2, the electric currents I, with V.. equal to 500 V, 750 V, and 1000 V were 15
mA, 10 mA, and 7.5 mA, respectively. Based on the calculated temperature of the filament
as the E-gun from the power that heats the filament, the expected emission current density
J using Eq. 7 with V.. equal to 500 V and 1000 V were 226.07 kA/m? and 34.89 kA /m?,
respectively. The expected current density J with V.. equal to 500 V supposed to be 6.48
times larger than J with V.. equal to 1000 V. However, I, with V,.. equal to 500 V was only
2 times higher than I, with V,. equal to 1000 V. I suspected that emitted electrons might
not reach the target contributing to the current I, because the magnetic mirror force might be
larger than the electric force.

In Chap. 3, I simulated electron trajectories using COMSOL to verify the hypothesis.
However, the simulation results showed that no electrons were reflected by the magnetic-mirror
force once there was an electric force from V,.. greater than 1 V. Electrons originally not in the
loss cone without electric forces were moved into the loss cone so that they reached the target.
It means that the electric force was much larger than the magnetic-mirror force. Therefore, the
result of the simulation didn’t support the hypothesis.

In order to verify our simulation results, we estimated the electric force and the magnetic-

mirror force. The force from the electric field Fg could be calculated by

Vacc
’?E‘ =qFb = QT

where d = 3.5 mm is the distance between the filament and the target. The force from the

magnetic-mirror effect Fy could be calculated by

1 mev? |B — By
2 By d

AB
Fol = | = nVyBl = | = = (33)

where m, is the mass of the electron, v, is the velocity perpendicular to the magnetic field,
By = 0.3 T is the magnetic field at the center of the disc filament, and B" = 0.45 T is the
magnetic field at the center of the target. For the extreme case, the initial pitch angle is set
to 90°, i.e., vy equals to the thermal velocity 3 x 105 m/s. If the electron is reflected, Fg is

smaller than Fg. In other words,
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V. 1mev? |B — By

Fol m g2 < |Fy| = L 34

| Fg| =~ q d | 3] 2" B, d (34)
1 B'— B

= Viee < =mev? ———2 = 0.13 (V). (35)
2 By

The estimation shows that only when V.. less than 0.13 V can electrons be reflected by the
magnetic-mirror force. In other words, once V.. is larger than 0.13 V, electrons will not be
reflected. The estimated results support the simulation results where V,.. was larger than 1 V
in all cases.

When I did the simulation of the electron trajectories, I assumed that initial locations of the
electrons were 0.2 mm under the filament. In other words, I assumed that electrons had already
been emitted from the filament since thermionic electron emission was not simulated. Therefore,
even the simulation results didn’t support the hypothesis we obtained from experiments, we
have rolled out the magnetic mirror effect in our system. To understand more details of the
electron behaviors in MIT-MEB, we need to study thermionic electron emission more carefully.

In our experiments, we set V.. larger than 0.13 V which provided the electric field large
enough to pull out the electrons from the thermal filament. In those case, we know that the
electric force |?E] is much larger than the magnetic-mirror force \FB| when the electric force
is parallel to the magnetic field as shown in Fig. 67 (a). In order to have a magnetic-mirror
effect comparable to the electric field, we can redesign the system such that the electric field
is not paralleled to the magnetic-mirror force. We can set the relation between the electric
force and the magnetic-mirror force as shown in Fig. 67 (b). In this case, the component of
the electric field ?E paralled to ?B, writen as ?H» is much smaller ?B. Therefore, electrons
can be reflected by ?B. In fact, the component of ?E perpendicular to ?B, writen as ? 1,
increases the component of the velocity perpendicular to ?B. The magnetic moment and thus
the magnetic-mirror force increase. It also helps reflecting the electrons. Therefore, moving the
filament as the E-gun sideway as shown in Fig. 67 (¢) may enhance the magnetic-mirror effect.
Electrons may be trapped easier.

Therefore, using other simulations which can simulate the thermionic electron emission to

study the electron behavior in MIT-MEB and changing the design of the MIT-MEB are left as
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the future work for our group.
(a)
Fg

c
l &g _vF

ﬁE FE k1

Figure 67: The Electric field (a)parallel to the magnetic field and (b)not parallel to the magnetic
field, and the suggested position of the filament.
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5 Summary

Electron trajectories play an important role in the MIT-MEB. Therefore, we have done a
series of experiments with experments with different accelerating voltage V,.. and see if the
performance of the MIT-MEB can be improved. In our experiments, we had V.. equal to 500,
750, and 1000 V. We found that the filament as the E-gun for providing the thermionic emitted
electrons I, needed to be heated to much a higher temperature for V.. = 500 V than that for
Viace = 1000 V. We could calculate the expected emitted current from the temperature using
Eq. 7. We found that the expected current with V,.. = 500 V supposed to be 6.48 times higher
than that with V... = 1000 V. However, I, with V.. equal to 500 V was only 2 times higher
than [, with V.. equal to 1000 V in experiments. It means that the electric current I, was much
smaller than the expected current emitted from the E-gun due to the thermal emission. We
suspected that electrons emitted from the E-gun were confined by the magnetic-mirror effect due
to the non-uniform magnetic field. The confinement would have depended on the competition
between the electric force and the magnetic-mirror force. The electric force would accelerate
electrons toward the target while the magnetic-mirror force would reflect electrons back to the
filament of the E-gun preventing them to reach the target. Therefore, we studied the electron
trajectories in simulations. However, in simulation results, no electrons were reflected by the
magnetic mirror force once there was an electric force from V,.. greater than 1 V. To verify the
simulation results , we used a simple model to estimate the required electric potential V.. such
that the electric force would overcome the magnetic mirror force. We found that V.. = 0.13
V was enough in the model. It explained all electrons reached the target in our simulations.
However, it didn’t explain the experimental results. Nevertheless, if we provide the electric
force whose component parallel to the magnetic field, electrons may still be reflected by the
magnetic-mirror effect. In fact, I assumed electrons had already been emitted from the filament
since thermionic electron emission was not simulated in my simulations. In other words, we only
rolled out the possibilities of electrons being reflected by the magnetic-mirror effect. However,
how electrons were emitted from the filament with different V.. was not considered. Therefore,
using other simulations, which could simulate the thermionic electron emission, need to be

conducted more carefully. It is left as the future work for our group.
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Appendix

A SOP of the vacuum system

A.1 & % Pumping down
1. AERAR AN B (A RS2 R B B 25 o
Open the angle valve and the gate valve.

2. M (1) A3k (2) B B o
Close the ball valve(1) and the ball valve(2) .

3. MR o

Turn on the rotary pump.

4. FERARE EHEA107T torr (10 Pa) ©

Check the low vacuum gauge if the pressure in the chamber is less than 107! torr (10 Pa).

5. ATHAFREKER o

Turn on the diffusion pump.

6. BESBARE FHKAE.0 x 1072 torr (6.7 Pa) Rk R LA AAB B — 1B o
Check the low vacuum gauge if the pressure in the chamber is less than 5.0 x 1072 torr

(6.7 Pa) or the diffusion pump has been turned on for over one hour.

7. 7T B2 5 Z 3 (Ton gauge) ©
Turn on the ion gauge.
A& ARBRRAE.0x 1072 torr (6.7 Pa) R T M A= & E3 » BREMA ZH A %3 ed
B PR B BRI
Note: The ion gauge can’t be truned on when the pressure in the chamber is higher than
5.0 x 1072 torr (6.7 Pa) or the diffusion pump hasn’t been turned on for over one hour,

and should be turned off if it is not used.

8. A3 E K45 x 1070 torr (6.0 x 1072 Pa) °
Check the ion gauge if the pressure in the chamber is less than 4.5 x 107 torr (6.0 x 1073
Pa).
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9. T BMEHBCE 5 o

10. We can start doing the experiment.

A.2 A E % Vacuum venting

L Haw gzt
Turn off the ion gauge.
EE A EI AN R o

Note: The ion gauge has to be turned off of it will be damaged.

2. MATH AR -

Turn off the diffusion pump.

3. MPARIR -
Close the gate valve.

4. ATHEB()MKE ZEHELE -
Open the ball valve (1) to vent the chamber.
5. FAARMREIBEAE 35°CAT o
Wait until the diffusion pump cools down to less than 35 C.
EERBEERRBAA R THEALRE o
Note: Do not vent the diffusion pump before it cools down.

6. B ARM o

Close the angle valve.

7. MMAIHR o

Turn off the rotary pump.

8. ATFAMRM () IEM R EG A E

Open the ball valve (2) to vent the diffusion pump .
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B Experimental raw data

Table 13: Currents, voltages, and powers of filaments of E-gun and neutralizer.
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Table 14: Currents, voltages, and powers of the E-beam.
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Table 15: Experimental time and evaporation rates.
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Table 16: I,, and f.
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The raw data, which were chosen to be the experimental results shown in this thesis, are:
1. 500 V: 20200616, 20200617, 20200619, 20200624

2. 750 V: 20200422, 20200501, 20200505, 20200508, 20200520, 20200716, 20200724, 20200729,
20200730

3. 1000 V: 20200612, 20200626, 20200629, 20200703, 20200706, 20200709, 20200714

Locations of the experimental data in the lab drive are:

1. TShares\WYL\Data\YYYYMM\YYYYMM-MMDD.csvl , YYYY is year, MM is month,

and DD is date.

2. [ Shares\WYL\Data\OO\(YYYYMM-MMDD.csv)] , OO is the value of Vi, for ex-
ample: 1kV, 500 V etc..

C Raw data of electron trajectories in simulations

Locations of the simulatied data in the lab drive are:
1. E x B duift: ['Shares\ WYL\simulation test ]

2. Electron trajectories with the electric field: [ Shares\WYL\simulation\E\OOJ , OO is

the value of V.., for example: 1kV, 500 V etc..

3. Electron trajectory with the magnetic field: ['Shares\WYL\simulation\B\XXJ , XX is

the value of the initial angle, for example: 56.4° etc..

4. Electron trajectories in electric fields and magnetic fields: ' Shares\WYL\simulation\EB\XXJ ,

XX is the value of the initial angle, for example: 56.4° etc..

C1 E x B drift
1. The initial positions: 02 + 0y + 02 (m).
2. The initial velocities: 0 + 0y + 02 (m/s).

3. E =13 (V/m).
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4 B =12 (T).
5. The total simulated time: 4 (s).
6. Steps: 4001.

7. gx, qy, and qz are the positions in z, y, and Z, respectively.

Table 17: Raw data of electron trajectories with B X § drift.
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C.2 Electron trajectory with the electric field
1. The initial positions: 0z + 0y + 3.82 (mm).
2. The initial velocities: 0 + 0y + 02 (m/s).

3. Viaee: 500 V, 750 V, and 1000 V.
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4. The total simulated time: 5 x 10710 (s).
5. Steps: 1001.

6. gz is the position in 2.

Table 18: Raw data of electron trajectories with V,.. = 500 V.
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qz (mm) @ t=3.68E-10 | 2.06122 | qz (mm) @ t—3.91E-10 | 183823
qz (mm) @ t=3.685E-10 | 2.05651 | qz (mm) @ t=3.915E-10 | 1.83324
gz (mm) @ t=3.69E-10 | 2.05180 | qez (mm) @ t=392E-10 | 1.82824
gz (mm) @ t=3.695E-10 | 204708 | gz (mm) @ t=3.925E-10 | 1.82323
e (mm) @ t=3.7E-10 | 2.04235 | qz (mum) @ t=3.93E-10 | 1.81822
qz (mm) @ t=3.T05E-10 | 2.03762 | qz (mm) @ t=3.935E-10 | 181320
qz (mm) @ t=3.71E-10 | 2.03288 | qz (mm) @ t=3.04E-10 | L.80RIT
gz (mm) @ t=3.T15E-10 | 2.02814 | gz (mm) @ t=3.945E-10 | 1.80314
e (mm) @ t=3.T2E-10 | 2.02339 | qz (mm) @ t=395E-10 | 1.79810
gz (mm) @ t=3.7T25E-10 | 2.01863 | gz (mm) @ t=3.955E-10 | 1.79306
gz (mm) @ t=3 73E-10 | 201387 | gz (mum) @ t=3 96E-10 | 1.78801
gz (mm) @ t=3.735E-10 | 2.00910 | gz (mm) @ t=3.965E-10 | 1.78295
gz (mm) @ t=3.T4E-10 | 2.00432 | qz (mm) @ t=397E-10 | 1.77789
g (mm) @ t=3.745E-10 | 1.99954 | gz (mm) @ t=3.975E-10 | 1.77282
gz (mm) @ t=375E-10 | 1.99475 | gz (mm) @ t=398E-10 | 1.T6775
g (mm) @ t=3.755E-10 | 198996 | qz (mm) @ t=3.985E-10 | 1.T6267
qz (mm) @ t=3.76E-10 | 1.98516 | qz (mm) @ t=3.99E-10 | L.75758
gz (mm) @ t=3.765E-10 | 1.98035 | gz (mm) @ t=3.995E-10 | 1.75248
gz (mm) @ t=377E-10 | 1.97554 gz (mm) @ t=4F-10 1.74738
qz (mm) @ t=3.775E-10 | 1.97072 | gz (mm) @ t=4.005E-10 | 1.74228
gz (mm) @ t=3.78E-10 | 1.96589 | qz (mm) @ t=4 01E-10 | 1.73717
gz (mm) @ t=3.785E-10 | 196106 | gz (mm) @ t=4.015E-10 | 1.73205
qz (mm) @ t=3.79E-10 | 1.95622 | qz (mm) @ t=4.02E-10 | 1.72692
qz (mm) @ t=3.T95E-10 | 1.95138 | qz (mm) @ t=4.025E-10 | 1L.72179
g2 (mm) @ t=3.8E-10 | 1.94652 | gz (mm) @ t=4.03E-10 | 1.71666
gz (mm) @ t=3.805E-10 | 194167 | gz (mm) @ t=4.035E-10 | 1.71151
qz (mm) @ t—3.81E-10 | 193680 | qz (mm) @ t=4.04E-10 | L.70636
gz (mm) @ t=3.815E-10 | 1.93193 | qz (mm) @ t=4.045E-10 | 1.70121
gz (mm) @ =3 82F-10 | 1.92706 | gz (mm) @ t=4 05E-10 | 1.69604
gz (mm) @ t=3.825E-10 | 192218 | gz (mm) @ t=4.055E-10 | 1.69088
gz (mm) @ t=383E-10 | 1.91729 | qz (mm) @ t=4 06E-10 | 1.68570
qz (mm) @ t=3.835E-10 | 1.91239 | gz (mm) @ t=4.065E-10 | 168052
qz (mm) @ t=3.84E-10 | 1.90749 | qz (mm) @ t=4.07E-10 | L67a34
gz (mm) @ t=3.845E-10 | 190259 | gz (mm) @ t=4.075E-10 | 1.67014
gz (mm) @ t=385E-10 | 1.89767 | qz (mm) @ t=4 08E-10 | 1.66494
gz (mm) @ t=3.855E-10 | 1.89275 | qz (mm) @ t=4.085E-10 | 1.65974
gz (mm) @ t=386E-10 | 188783 | gz (mm) @ t=4 09E-10 | 1.65453
gz (mm) @ t=3.865E-10 | 1.88200 | gz (mm) @ t=4.095E-10 | 1.64931
gz (mm) @ t=3.87E-10 | 18779 | gz (mm) @ t=41E-10 | 1.64409
gz (mm) @ t=3.875E-10 | 1.87301 | gz (mm) @ t=4.105E-10 | 1.63885
gz (mm) @ t=388E-10 | 1.86806 | gz (mm) @ t=4 11E-10 | 1.63362
gz (mm) @ t=3.885E-10 | 1.86311 | gz (mm) @ t=4.115E-10) | 162838
qz (mm) @ t=3.80E-10 | 1.85814 | qz (mm) @ t=4.12E-10 | 1.62313
gz (mm) @ t=3.895E-10 | 1.85317 | gz (mm) @ t=4.125E-10 | 1.61787
g (mm) @ t=3.9E-10 | 1.84820 | qz (mm) @ t=4.13E-10 | 1.61261
qz (mm) @ t=3.905E-10 | 1.84322 | qz (mm) @ t=4.135E-10 | 1.60734
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Table 19: Raw data of electron trajectories with V.. = 750 V.
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qz (mm) @ t=3.68E-10 | 2.06122 | qz (mm) @ t—3.91E-10 | 183823
qz (mm) @ t=3.685E-10 | 2.05651 | qz (mm) @ t=3.915E-10 | 1.83324
gz (mm) @ t=3.69E-10 | 2.05180 | qez (mm) @ t=392E-10 | 1.82824
gz (mm) @ t=3.695E-10 | 204708 | gz (mm) @ t=3.925E-10 | 1.82323
e (mm) @ t=3.7E-10 | 2.04235 | qz (mum) @ t=3.93E-10 | 1.81822
qz (mm) @ t=3.T05E-10 | 2.03762 | qz (mm) @ t=3.935E-10 | 181320
qz (mm) @ t=3.71E-10 | 2.03288 | qz (mm) @ t=3.04E-10 | L.80RIT
gz (mm) @ t=3.T15E-10 | 2.02814 | gz (mm) @ t=3.945E-10 | 1.80314
e (mm) @ t=3.T2E-10 | 2.02339 | qz (mm) @ t=395E-10 | 1.79810
gz (mm) @ t=3.7T25E-10 | 2.01863 | gz (mm) @ t=3.955E-10 | 1.79306
gz (mm) @ t=3 73E-10 | 201387 | gz (mum) @ t=3 96E-10 | 1.78801
gz (mm) @ t=3.735E-10 | 2.00910 | gz (mm) @ t=3.965E-10 | 1.78295
gz (mm) @ t=3.T4E-10 | 2.00432 | qz (mm) @ t=397E-10 | 1.77789
g (mm) @ t=3.745E-10 | 1.99954 | gz (mm) @ t=3.975E-10 | 1.77282
gz (mm) @ t=375E-10 | 1.99475 | gz (mm) @ t=398E-10 | 1.T6775
g (mm) @ t=3.755E-10 | 198996 | qz (mm) @ t=3.985E-10 | 1.T6267
qz (mm) @ t=3.76E-10 | 1.98516 | qz (mm) @ t=3.99E-10 | L.75758
gz (mm) @ t=3.765E-10 | 1.98035 | gz (mm) @ t=3.995E-10 | 1.75248
gz (mm) @ t=377E-10 | 1.97554 gz (mm) @ t=4F-10 1.74738
qz (mm) @ t=3.775E-10 | 1.97072 | gz (mm) @ t=4.005E-10 | 1.74228
gz (mm) @ t=3.78E-10 | 1.96589 | qz (mm) @ t=4 01E-10 | 1.73717
gz (mm) @ t=3.785E-10 | 196106 | gz (mm) @ t=4.015E-10 | 1.73205
qz (mm) @ t=3.79E-10 | 1.95622 | qz (mm) @ t=4.02E-10 | 1.72692
qz (mm) @ t=3.T95E-10 | 1.95138 | qz (mm) @ t=4.025E-10 | 1L.72179
g2 (mm) @ t=3.8E-10 | 1.94652 | gz (mm) @ t=4.03E-10 | 1.71666
gz (mm) @ t=3.805E-10 | 194167 | gz (mm) @ t=4.035E-10 | 1.71151
qz (mm) @ t—3.81E-10 | 193680 | qz (mm) @ t=4.04E-10 | L.70636
gz (mm) @ t=3.815E-10 | 1.93193 | qz (mm) @ t=4.045E-10 | 1.70121
gz (mm) @ =3 82F-10 | 1.92706 | gz (mm) @ t=4 05E-10 | 1.69604
gz (mm) @ t=3.825E-10 | 192218 | gz (mm) @ t=4.055E-10 | 1.69088
gz (mm) @ t=383E-10 | 1.91729 | qz (mm) @ t=4 06E-10 | 1.68570
qz (mm) @ t=3.835E-10 | 1.91239 | gz (mm) @ t=4.065E-10 | 168052
qz (mm) @ t=3.84E-10 | 1.90749 | qz (mm) @ t=4.07E-10 | L67a34
gz (mm) @ t=3.845E-10 | 190259 | gz (mm) @ t=4.075E-10 | 1.67014
gz (mm) @ t=385E-10 | 1.89767 | qz (mm) @ t=4 08E-10 | 1.66494
gz (mm) @ t=3.855E-10 | 1.89275 | qz (mm) @ t=4.085E-10 | 1.65974
gz (mm) @ t=386E-10 | 188783 | gz (mm) @ t=4 09E-10 | 1.65453
gz (mm) @ t=3.865E-10 | 1.88200 | gz (mm) @ t=4.095E-10 | 1.64931
gz (mm) @ t=3.87E-10 | 18779 | gz (mm) @ t=41E-10 | 1.64409
gz (mm) @ t=3.875E-10 | 1.87301 | gz (mm) @ t=4.105E-10 | 1.63885
gz (mm) @ t=388E-10 | 1.86806 | gz (mm) @ t=4 11E-10 | 1.63362
gz (mm) @ t=3.885E-10 | 1.86311 | gz (mm) @ t=4.115E-10) | 162838
qz (mm) @ t=3.80E-10 | 1.85814 | qz (mm) @ t=4.12E-10 | 1.62313
gz (mm) @ t=3.895E-10 | 1.85317 | gz (mm) @ t=4.125E-10 | 1.61787
g (mm) @ t=3.9E-10 | 1.84820 | qz (mm) @ t=4.13E-10 | 1.61261
qz (mm) @ t=3.905E-10 | 1.84322 | qz (mm) @ t=4.135E-10 | 1.60734
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Table 20: Raw data of electron trajectories with V,.. = 1000 V.
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C.3 Electron trajectory with the magnetic field
1. The initial positions: 0z + 0y + 3.82 (mm).

2. The initial angle: 56.4°.
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3. The initial velocities: 0% + 2.50 x 10°g + —1.66 x 10°2 (m/s).
4. The total simulated time: 4 x 107% (s).
5. Steps: 40001.

6. g%, qy, and qz are the positions in z, g, and Z, respectively.

Table 21: Raw data of electron trajectories with the magnetic field.
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D The venders of all components

Table 22: The venders of all components.

’ Vender \ Item \ Note ‘

RZ AR EIEHE T B Z E A& https://reurl.cc/2g2dQ9
RETEFEBHM 7]“};5 R 3] L https:/ /reurl.cc/Y62Ako
7 A = B 7 3t https://reurl.cc/Gr93gp

AEAER 4% FRAEER https: //reurl.cc/Mdal9W

=N B A F4E - oring iéi %‘ # https:/ /reurl.cc/N6k7L6

i M ﬁ*‘rﬂ' AR ax% ] F4 -~ oring ~ EEEHF https:/ /reurl.cc/Xkd0Ooa
ShE Ik wm 4% & 1500W AC110/220V | https://reurl.cc/Y62Aba

FEE+E ] https:/ /reurl.cc/e8eN2K
% #% 69 RPLUS Y-500 & A = sk e a ok https://reurl.cc/OqlyWX

coolpolos®) & ¥

DC 5V-12V # k| B iE # 5 K&

https:/ /reurl.cc/x0yrrL

EERERTTLER

240 B T HKBE + BB

https://reurl.cc/2g2dnX

M —EFA R3] Electronic components
RITE XA R 4] Vacuum product
ZERBRET Quartz processing
At & TRAH ~ AR S KK https://www.sciket.com/
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