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摘摘摘要要要

我們的團隊藉由電子蒸鍍的概念開發了一種利用磁控電子束轟擊金屬靶材的離子推進

器—Metal Ion Thruster using Magnetron E-beam Bombardment (MIT-MEB)，此論文是透過

實驗與模擬電子軌跡來研究此推進器中電子的行為。此推進器分為三個部分：金屬離子產生

器、離子加速器和中和器。利用加速電壓Vacc提供的電場加速電子槍(E-gun)中熱燈絲產生的

自由電子轟擊鋅製成的金屬靶材，使靶材被加熱蒸發。在靶材後方有放置磁鐵，因此電子會

沿著磁力線轟擊靶材中心。一部分的金屬蒸氣被熱燈絲發射出的電子碰撞而游離，這些離子

再經由電場加速排出產生推力，並帶走中和器提供的電子來保持推進的電中性。因此，電

子的運行軌跡在此推進器中扮演很重要的角色。我們分別使用Vacc等於500、750和1000 V的

加速電壓進行了一系列的實驗。從實驗結果我們發現，在使用較低的Vacc時，抵達靶材的電

子會少於使用較高的Vacc。我們認為電子會被電場力加速往靶材移動，但磁鏡力會將它反彈

回電子槍的燈絲，造成電子無法抵達靶材。因此，當Vacc較低時，較多的電子會被磁鏡力反

彈。所以，我們利用模擬來探討電子軌跡。然而，在模擬中一旦Vacc大於1 V，電子就不會被

磁鏡力反彈。透過簡單的模型中，只要Vacc = 0.13 V就足以加速電子克服磁鏡效應，這符合

模擬的結果。所以，我們排除了MIT-MEB中的磁鏡效應對電子軌跡的影響。然而，若我們

將燈絲放置於偏心的位置，使得電場力中平行於磁鏡力方向的分量變小，便有機會利用磁鏡

效應將電子侷限於燈絲與靶材之間。未來我們需要使用其他可模擬熱電子發射的模擬方式來

探討MIT-MEB中電子的行為並更改推進器的設計。

關鍵字: 磁控電子束轟擊金屬靶材的離子推進器 (MIT-MEB)；電場力；磁鏡力；力的競爭；

電子軌跡
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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 Vacc. 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. Ions 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 Vacc equal to 500, 750, and 1000 V. We found that

fewer electrons reach the target in lower Vacc than that in higher Vacc 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 Vacc than that

in higher Vacc. 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 Vacc greater than 1 V. It coincided with a simple analytic model where

Vacc = 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； 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 (Isp), 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 Isp 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 vex, we can calculate

the thrust F as

F = − d

dt
(mvex) = −ṁvex ≡ ṁpropvex (1)

where m is the total mass of the vehicle and mprop is the ejected propellant mass. Notice that

vex is a positive number. The mass reduction rate of the vehicle ṁ, which is less than 0, equals
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to the negative of the ejected propellant mass rate ṁprop.

1.1.2 Specific impulse (Isp)

Specific impulse, Isp, 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 vex, defined in Eq. 2.

Isp ≡
F

ṁpropg
=
vex
g

(sec) (2)

where g is the gravitational acceleration. The larger Isp 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 Isp.

p (t) = p (t+ dt) (3)

⇒ mv = (m− dmprop) (v + dv) + dmprop (v − vex) (4)

⇒ dv = −vex
dm

m
where dmpropdv is neglected and dmprop = −dm (5)

⇒ vf = vi + vexln

(
mi

mf

)
= vi + Ispg ln

(
mi

mf

)
(6)

where p is the total linear momentum of the whole system, m is the total mass, mprop is the

ejected propellant mass, mi and mf are the initial and final mass, respectively, and vi and vf are

the initial and final velocity, respectively. According to Eq. 6, we need either larger mi/mf or

larger Isp to obtain higher final speed of the spacecraft. However, a thruster with a higher Isp

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 Isp, 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.
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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.

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.
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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 Isp. 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
−→
E ×

−→
B 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
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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].
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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 Ion 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.
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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 = λRAGT
2e
− w

kBT (7)

where J is the emitted current density, T is the temperature of the metal, w is the work function

of the metal, kB is the Boltzmann constant, λR is a correction factor for different material and

AG is a universal constant. The constant AG equals to 4πmk2Be/h
3. The value is 1.2 × 106

(Am−2K−2). The constant λR, 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 3000˜6000 °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

vthermal =

√
2kBT

me

(8)

where vthermal is the thermal velocity, kB = 1.38 × 10−23 J/K is Boltzmann constant, me =

9.11× 10−31 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

φ =
P (W)

A (m3)
= εσT 4 (9)

where φ 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, σ

is the Stefan–Boltzmann constant, and ε is the emissivity of the object. The Stefan–Boltzmann

constant σ is 2π5k4

15c2h3
= 5.67× 10−8 (J s−1m−2K−4). The parameter ε of an absolute black body

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

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

P = IV (10)

where I 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 10−3 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 Vag keeping the

potential of the accelerating grid lower than the E-gun and the neutralizer. The high electric

field is provided by Vacc, and Ie 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 If and Inf , respectively. Vf and Vnf are the voltages of the E-gun and the

neutralizer, respectively. The parameter Vag 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 Ine is provided by leaving electrons

which equals to the ion current Iion. And the current Inf for the filament of the neutralizer and

Ine merge at point d. Then, IR including by Ine and Inf goes through the resistance Rn of the

neutralizer. When IR arrives at point b, IR will break into Ib and In. Ib is the same as the
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current Inf back to the cathode of the neutralizer. Therefore, In is equal to Ine and also equal to

the ion current Iion. 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 Iion.

Figure 13: The structure of MIT-MEB.

Figure 14: The equivalent circuit of MIT-MEB.

16 doi:10.6844/NCKU202003198



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/cm3, 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/cm3, 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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(a) (b)

-

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[8], he did experiments with the accelerated

voltage Vacc 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 Vacc had better evaporation capability

but lower the ability of ionizing gas. It is important to understand how different Vacc influence

the performance of the MIT-MEB. Therefore, I did experiments and simulations with different

Vacc.

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 24.8± 1.1 (2.2± 0.4)× 10−4 0.03± 0.01
1 kV/15 mA 26.2± 0.7 (1.8± 0.3)× 10−5 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. 17c[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
−→
F is the force felt

by a charged particle in an electromagnetic field:

−→
F = q

(−→
E +−→v ×

−→
B
)

(12)

where
−→
F is the Lorentz force, q is the charge of the charged particle,

−→
E is the electric field,

−→
V

is the velocity of the charged particle, and
−→
B 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) (c)

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 q
−→
E 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:

−→
F E = q

−→
E = q (−∇V ) (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× 10−19 J as shown in Fig.19. So, we can change

the electric potential V = Vacc 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, q−→v ×
−→
B , 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:

rL =
mv⊥
|q|B

(14)
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where rL 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, q 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 =
2πr⊥
v⊥

(15)

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

−→
F B = −µ∇‖

−→
|B| (16)

where
−→
F B is the magnetic-mirror force, ∇‖

−→
B is the gradient of the magnetic field along the

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

µ ≡
1
2
mv2⊥
|B|

(17)

The magnetic moment µ 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

dt

(
1

2
mv2

)
=

d

dt

(
1

2
mv2‖ +

1

2
mv2⊥

)
= 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 −→v0 which

is composed by −→v⊥0 and −→v‖0. Velocities −→v⊥0 and −→v‖0 are components perpendicular and parallel

to the direction of the magnetic field, respectively. When the ratio v⊥0/v‖0 is too small, v‖ is too

large to be decelerated to zero by the magnetic-mirror force. In other words, the initial velocity

v0 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 µ

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

1

2

mv2⊥0
B

=
1

2

mv
′2
⊥

B′ (19)

where B0 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 v
′

⊥ 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 v
′

‖ parallel to B
′

becomes

zero. Then, conservation of energy requires

v20 = v20⊥ + v20‖ = v
′2
⊥ . (20)
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Therefore,

B0

B′ =
v2⊥0
v

′2
⊥

=
v2⊥0
v20
≡ sin2 θ (21)

where θ is the pitch angle of −→v0 relative to
−→
B0. Assuming that Bm 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 θm by

sin2 θm =
B0

Bm

. (22)

If θ is smaller than θm, it means B
′

is larger than Bm. In the other words, Bm is too small to

stop the charged particle with the initial velocity −→v0 with the pitch angle θ. 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), h1 and h2 are the distance between Mirror Point1,2

and the target, respectively. When the electric field E1 is smaller than E2, h1 is larger than

h2. 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 (c) 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 Vacc. 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 ṁMetal defined as

ṁMetal =
mi −mf

4t
(23)

where mi is the mass of the target before the experiment, mf is the mass of the target after the

experiment, and 4t 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 β as

β =
In
q
×
(
ṁMetal

matom

)−1
(24)

where In is the ion current measured according to the equivalent circuit of the MIT-MEB in

Fig. 14, q = 1.6 × 10−19 coulomb is the elementary charge, and matom is the mass of a metal

particle.
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2.1.3 Thrusts and Isp

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 Ftotal as

Ftotal = Fvapor + Fion = ṁvaporvvapor + ṁionvion = ṁMetal (1− β)

√
2kBTvapor
matom

+ ṁMetalβ

√
2qVacc
matom

(25)

where thrusts from vapor and from ions are Fvapor and Fion, respectively. The exhaust speed

of the vapor, vvapor, is the thermal velocity
√

2kBTvapor
mion

where Tvapor is the temperature of the

vapor. It is smaller than the exhaust speed of the ions
√

2qVacc
mion

. Therefore, more ions, higher

thrusts.

Then, we can express Eq. 2 with Eq. 25 as

Isp =
Ftotal

ṁMetalg
=

1

g

[
(1− β)

√
2kBTvapor
mion

+ β

√
2qVacc
mion

]
. (26)

The electrical energy qVacc is easier to control than the thermal energy kBTvapor. Most impor-

tantly, qVacc is generally much higher than kBTvapor. Therefore, we want to get higher β in the

MIT-MEB to make this thruster have higher thrusts and Isp. 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 Vacc.

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 × 10−3 Pa ( 1 × 10−5 torr).[8] However, the diffusion pumps in my vacuum system only

provided about 7.3×10−3 Pa (5.5×10−5 torr) as the background pressure. The mean free path

is 5.9 × 10−1 ∼ 5.9 × 100 m for pressure equal to 10−2 ∼ 10−3 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, Ｉneeded 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) If and Vf : They were the current and the voltage of the E-gun, respectively. Adjust-

ing If could control the emitted electron current Ie from the filament.

(b) Inf and Vnf : They were the current and the voltage of the neutralizer, respectively.

2. Power supply 2:

(a) Vacc: 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) Ie: 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 If .

3. Power supply 3: It provided the voltage Vag 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 In which equaled the ion current Iion 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 ∼ 10−1 Pa, which was a low vacuum condition.

(b) High: It showed the pressure measured by the ion gauge whose range was 1 ∼ 10−5

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
Item Number Connect Numbers

E-gun + 1 7
E-gun - 2 6, 11, 12, 16, Ground

neutralizer + 3 9
neutralizer - 4 8, 13

target 5 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× 10−5 torr (6.0× 10−3 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 Vf , Vnf , If and Inf to zero.
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(c) Turn on Power supply 1 and press the "output" button.

(d) Turn Vf and Vnf to more than 4 V.

(e) Turn If and Inf to 2 A to make filament glow and bake the thruster.

Note: In order to drive If and Inf to the set current, Vf and Vnf 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.

4. Turn off power supply for driving the E-gun and the neutralizer.

5. Vent the chamber.

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

7. Put the focusing magnet in the MIT-MEB.

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

terminals of MIT-MEB to the corresponding feedthroughs.

9. Pump the pressure of the vacuum chamber down to 4.5× 10−5 torr (6.0× 10−3 Pa).

10. Repeat step 3 and step 4 to bake the MIT-MEB again to dry the MIT-MEB.

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

3.

12. Zeroing

(a) Set Vf , Vnf , If and Inf to zero.

(b) Turn on Power supply 2 and adjust Vacc to the voltage required for the experiment.

(c) Turn on Power supply 1 and press the "output" button.

(d) Turn Vnf to more than 3 V.

(e) Turn Inf to 2.33 ∼ 2.55 A.

(f) Turn on Power supply 3 and press the "output" button.
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(g) Adjust Vag until In becomes zero.

(h) Turn off Power supply 2 without adjusting the output voltage.

(i) Turn Vnf to zero.

13. Turn on Power supply 2.

14. Turn on Power supply 1 and adjust Vf to more than 3 V for driving the E-gun.

15. Adjust If and observe Ie until Ie reaches the set current.

Note: If should not be over 3 A to prevent the filament from being broken.

16. Turn Vnf to 3 V.

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

manually.

18. Turn all Power supply off.

19. Vent the chamber.

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

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

2.5 Experimental results

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

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

Ie, different filament current If was used. Therefore, I show the experimental results include If ,

power of the E-gun, Ie, power of E-beam, actual Vacc, and evaporation rate with different Vacc.

2.5.1 Actual Vacc

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

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

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

well controlled.
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Table 4: Actual Vacc
Vacc (V) ActualVacc (V) ActualVacc/set Vacc

500 505± 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 Vacc and goal Vacc.

2.5.2 Electron currents Ie and Powers of E-beam

I would like to study how evaporation rates depend on Vacc. In order to keep the powers of

E-beams in all experiments the same, the electron currents Ie were different with different Vacc.

The power was kept at 7.5 W. The electron currents Ie 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: Ie with different Vacc.
Vacc (V) Ie (mA)

500 15.0± 0.5
750 10.0± 0.5
1000 7.5± 0.3

Table 6: Power of E-beam with different Vacc.
Vacc (V) Power of E-beam (W)

500 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 Vacc.

2.5.3 Characteristic of the E-gun

Electrons of the electron current Ie were provided by the tungsten filament as the E-gun

heated by the current If . Table 7 and Fig. 31 are the current If and the voltage Vf of the

tungsten filament with different Vacc. The powers of the tungsten filament with different Vacc

were calculated by the current If and the voltage Vf . I calculated the temperatures of the

tungsten filament according to the heating powers of different Vacc 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 Ie and J were compared to each other and as shown in Fig. 34

and 35, I found that Ie was much smaller than the current emitted from the tungsten filament

with Vacc equal to 500 V. It means emitted electrons may not reach the target contributing to

the current Ie if the accelerating voltage Vacc deceased.

Table 7: If and Vf with different Vacc.
Vacc (V) If (A) Vf (V)

500 2.19± 0.05 3.6± 0.1
750 2.06± 0.02 2.8± 0.1
1000 1.95± 0.01 2.8± 0.1
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Figure 31: If and Vf with different Vacc with different Vacc.

Table 8: Power of E-gun nd the tungsten temperature with different Vacc.
Vacc (V) Power of E-gun (W) Temperature (K)

500 7.8± 0.3 3060± 30
750 5.8± 0.2 2840± 20
1000 5.4± 0.2 2790± 20

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

Figure 34: Ie and J with different Vacc.

40 doi:10.6844/NCKU202003198



Figure 35: The ratio between Ie and J with different Vacc.

2.5.4 Evaporation rates

Table 9 shows evaporation rates with different Vacc 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 Vacc.
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Table 9: Evaporation rate with different Vacc.
Vacc (V) ṁMetal (g/s)

500 (1.6± 0.1)× 10−6

750 (1.4± 1.9)× 10−5

1000 (2.0± 1.0)× 10−6

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, Ie was much

smaller than the current emitted from the tungsten filament if the accelerating voltage Vacc

deceased. I suspected that emitted electrons did not reach the target contributing to the

current Ie. 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 Vacc, I found that the electric currents Ie 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 Ie. 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.
−→
E ×

−→
B 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 Vacc:

to find the best Vacc which can support the hypothesis of the force competitions.
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3.1
−→
E ×

−→
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
−→
E ×

−→
B 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
−→
E ×

−→
B drift. The

−→
E ×

−→
B 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
−→
E = 1

V/m in x̂ and the uniform magnetic field
−→
B = 1 T in ẑ. 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 −ŷ. The drift velocity of the guiding center

Vgc in theory[20] is

−→
V gc,th =

−→
E ×

−→
B

B2
= −1 (m/s)ŷ (27)

where B is the amplitude of
−→
B .

I picked the drift distance L of the guiding center during the time different 4t shown in

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

Vgc,sim =
L

4t
=
−2.00− (−0.42) (m)

1.57 (s)
=
−1.576 (m)

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
−→
E ×

−→
B 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

Vacc equal 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 Vacc equal to 500 V, 750 V and 1000 V, respectively.

I set the filament at ground and the target at Vacc. 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 Vacc which is equal 500 V.
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Figure 42: The electric potential and the electric field lines with Vacc which is equal 750 V.

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

48 doi:10.6844/NCKU202003198



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

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

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 0x̂ + 3.8ẑ. The initial positions in ŷ were from 0 to 5 after each interval of 1 mm.

The total simulated time was 5× 10−10 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 Vacc 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 Vacc which is equal 500 V.
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Figure 49: The electron trajectories with the electric field in Vacc which is equal 750 V.

Figure 50: The electron trajectories with the electric field in Vacc 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 Vacc. 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 = qE ≈ q
Vacc
d
, (29)

S =
1

2
at2 =

1

2

qVvacc
med

t2 (30)

where F is the electric force, me is the mass of the electron equal to 9.1 × 10−31 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 Vacc.
Vacc (V) time (s) D (mm) S (mm) S/D

500 5.00× 10−10 3.20 3.14 0.98
750 4.10× 10−10 3.22 3.17 0.98
1000 3.55× 10−10 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 × 10−5 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

sin2 θ =
B0

B′ =
0.3(T)

0.45(T)
=

2

3
⇒ θ = 54.7o (31)

where B0 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× 105 m/s. vy is the initial velocity

in ŷ and vz is the initial velocity in ẑ. 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 vy (m/s) vz (m/s)

54.8o 2.45× 105 −1.73× 105

56.4o 2.50× 105 −1.66× 105

60.0o 2.60× 105 −1.50× 105

70.0o 2.82× 105 −1.03× 105

80.0o 2.95× 105 −0.52× 105

90.0o 3.00× 105 0.00× 105

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 × 10−8

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 54.8o and 56.4o, 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 54.8o and 56.4o, 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.
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Figure 51: The electron trajectory with the magnetic field and the initial angle equal to 54.8o

in the y-z plane.

Figure 52: The electron trajectory with the magnetic field and the initial angle equal to 56.4o

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

in the x-y plane.

Figure 54: The electron trajectory with the magnetic field and the initial angle equal to 56.4o

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 56.4o. 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 4.73×10−3 mm. The gyroradius

of the calculation was 4.74× 10−3 using the Eq.

r =
mev⊥
|q|B0

(32)

where v⊥ is 2.5 × 105 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 × 105 m/s ẑ 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 Vacc equal to 500 V, 750 V and 1000 V. In the case where Vacc

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 54.8o, 60.0o, 70.0o, 80.0o and 90.0o,

respectively. The corresponding initial velocities are shown in Table 11. The total simulated

time was 6× 10−10 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 Vacc 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 54.8o, 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 54.8o in the y-z plane.

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

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

3.7 Electron trajectories in electric fields and magnetic fields with

different Vacc

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 Vacc more and see if electrons could be reflected.

Electrons have different accelerations with dfifferent Vacc. 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 Vacc with different total simulated time.

Initial velocities and pitch angles were 3.00× 105 m/s and 90.0o in all cases. Simulated results

are shown in Fig. 62–66 for Vacc = 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: Vacc and simulated time.
Vacc (V) Time (s) Steps

250 6× 10−10 601
100 1.5× 10−9 1501
50 2× 10−9 2001
25 2.5× 10−9 2501
1 1.5× 10−8 15001

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

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

Figure 66: The electron trajectories with Vaccequal 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 Ie with Vacc 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 Vacc equal to 500 V and 1000 V were 226.07 kA/m2 and 34.89 kA/m2,

respectively. The expected current density J with Vacc equal to 500 V supposed to be 6.48

times larger than J with Vacc equal to 1000 V. However, Ie with Vacc equal to 500 V was only

2 times higher than Ie with Vacc equal to 1000 V. I suspected that emitted electrons might

not reach the target contributing to the current Ie 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 Vacc 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 FE could be calculated by

|
−→
F E| = qE ≈ q

Vacc
d

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

magnetic-mirror effect FB could be calculated by

|
−→
F B| = | − µ∇‖B| ≈ µ|4B

d
| = 1

2

mev
2
⊥

B0

|B′ −B0|
d

(33)

where me is the mass of the electron, v⊥ is the velocity perpendicular to the magnetic field,

B0 = 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 90o, i.e., v⊥ equals to the thermal velocity 3 × 105 m/s. If the electron is reflected, FE is

smaller than FB. In other words,
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|
−→
F E| ≈ q

Vacc
d

< |FB| ≈
1

2

mev
2
⊥

B0

|B′ −B0|
d

(34)

⇒ Vacc <
1

2
mev

2
⊥
B

′ −B0

B0

= 0.13 (V) . (35)

The estimation shows that only when Vacc less than 0.13 V can electrons be reflected by the

magnetic-mirror force. In other words, once Vacc is larger than 0.13 V, electrons will not be

reflected. The estimated results support the simulation results where Vacc 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 Vacc 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 |
−→
F E| is much larger than the magnetic-mirror force |

−→
F B| 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
−→
F E paralled to

−→
F B, writen as

−→
F ‖, is much smaller

−→
F B. Therefore, electrons

can be reflected by
−→
F B. In fact, the component of

−→
F E perpendicular to

−→
F B, writen as

−→
F ⊥,

increases the component of the velocity perpendicular to
−→
F 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 (c) 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) (b) (c)

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 Vacc and see if the

performance of the MIT-MEB can be improved. In our experiments, we had Vacc equal to 500,

750, and 1000 V. We found that the filament as the E-gun for providing the thermionic emitted

electrons Ie needed to be heated to much a higher temperature for Vacc = 500 V than that for

Vacc = 1000 V. We could calculate the expected emitted current from the temperature using

Eq. 7. We found that the expected current with Vacc = 500 V supposed to be 6.48 times higher

than that with Vacc = 1000 V. However, Ie with Vacc equal to 500 V was only 2 times higher

than Ie with Vacc equal to 1000 V in experiments. It means that the electric current Ie 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 Vacc greater than 1 V. To verify the

simulation results , we used a simple model to estimate the required electric potential Vacc such

that the electric force would overcome the magnetic mirror force. We found that Vacc = 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 Vacc 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 抽抽抽真真真空空空 Pumping down

1. 確認粗抽閥(角閥)與閘閥開啟。

Open the angle valve and the gate valve.

2. 球閥(1)和球閥(2)關閉 。

Close the ball valve(1) and the ball valve(2) .

3. 開啟粗抽泵。

Turn on the rotary pump.

4. 確認低真空計低於10−1 torr (10 Pa)。

Check the low vacuum gauge if the pressure in the chamber is less than 10−1 torr (10 Pa).

5. 打開擴散泵 。

Turn on the diffusion pump.

6. 確認低真空計低於5.0× 10−2 torr (6.7 Pa)或擴散泵已開啟超過一小時。

Check the low vacuum gauge if the pressure in the chamber is less than 5.0 × 10−2 torr

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

7. 可開啟高真空計(Ion gauge) 。

Turn on the ion gauge.

注意：氣壓大於5.0 × 10−2 torr (6.7 Pa)不可開啟高真空計，且不使用高真空計時記得

關閉避免燒壞。

Note: The ion gauge can’t be truned on when the pressure in the chamber is higher than

5.0 × 10−2 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. 確認高真空計低於4.5× 10−5 torr (6.0× 10−3 Pa)。

Check the ion gauge if the pressure in the chamber is less than 4.5×10−5 torr (6.0×10−3

Pa).
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9. 可開始做實驗。

10. We can start doing the experiment.

A.2 破破破真真真空空空 Vacuum venting

1. 關掉高真空計。

Turn off the ion gauge.

注意：高真空計必須關閉以免燒壞 。

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

2. 關掉擴散泵 。

Turn off the diffusion pump.

3. 關閉閘閥。

Close the gate valve.

4. 打開球閥(1)將真空腔破真空。

Open the ball valve (1) to vent the chamber.

5. 等待擴散泵的溫度冷卻至 35°C以下。

Wait until the diffusion pump cools down to less than 35°C.

注意：擴散泵未冷卻前不可破真空 。

Note: Do not vent the diffusion pump before it cools down.

6. 關閉角閥。

Close the angle valve.

7. 關閉粗抽泵。

Turn off the rotary pump.

8. 打開球閥(2)破擴散泵的真空 。

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: In and β.
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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. 「Shares\WYL\Data\YYYYMM\YYYYMM-MMDD.csv」, YYYY is year, MM is month,

and DD is date.

2. 「 Shares\WYL\Data\OO\(YYYYMM-MMDD.csv)」, OO is the value of Vacc, 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 ×

−→
B drift: 「Shares\WYL\simulation\test」

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

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

3. Electron trajectory with the magnetic field: 「Shares\WYL\simulation\B\XX」, XX is

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

4. Electron trajectories in electric fields and magnetic fields: 「Shares\WYL\simulation\EB\XX」,

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

C.1
−→
E ×

−→
B drift

1. The initial positions: 0x̂+ 0ŷ + 0ẑ (m).

2. The initial velocities: 0x̂+ 0ŷ + 0ẑ (m/s).

3.
−→
E = 1x̂ (V/m).
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4.
−→
B = 1ẑ (T).

5. The total simulated time: 4 (s).

6. Steps: 4001.

7. qx, qy, and qz are the positions in x̂, ŷ, and ẑ, respectively.

Table 17: Raw data of electron trajectories with
−→
E ×

−→
B drift.
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C.2 Electron trajectory with the electric field

1. The initial positions: 0x̂+ 0ŷ + 3.8ẑ (mm).

2. The initial velocities: 0x̂+ 0ŷ + 0ẑ (m/s).

3. Vacc: 500 V, 750 V, and 1000 V.
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4. The total simulated time: 5× 10−10 (s).

5. Steps: 1001.

6. qz is the position in ẑ.

Table 18: Raw data of electron trajectories with Vacc = 500 V.
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Table 19: Raw data of electron trajectories with Vacc = 750 V.
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Table 20: Raw data of electron trajectories with Vacc = 1000 V.
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C.3 Electron trajectory with the magnetic field

1. The initial positions: 0x̂+ 0ŷ + 3.8ẑ (mm).

2. The initial angle: 56.4o.
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3. The initial velocities: 0x̂+ 2.50× 105ŷ +−1.66× 105ẑ (m/s).

4. The total simulated time: 4× 10−8 (s).

5. Steps: 40001.

6. qx, qy, and qz are the positions in x̂, ŷ, and ẑ, respectively.

Table 21: Raw data of electron trajectories with the magnetic field.

115 doi:10.6844/NCKU202003198



116 doi:10.6844/NCKU202003198



117 doi:10.6844/NCKU202003198



118 doi:10.6844/NCKU202003198



119 doi:10.6844/NCKU202003198



120 doi:10.6844/NCKU202003198



121 doi:10.6844/NCKU202003198



D The venders of all components

Table 22: The venders of all components.
Vender Item Note

振之越五金机電銷售中心 真空電極 https://reurl.cc/2g2dQ9

東莞市圣澤金屬材料有限公司 鎢絲 https://reurl.cc/Y62Ako
陽光真空 真空計 https://reurl.cc/Gr93gp
真空元器件 手高真空插板 https://reurl.cc/Mdal9W

溫州暢宏管件 卡箍 、oring、真空管件 https://reurl.cc/N6k7L6

溫州奇科流体設備有限公司 卡箍 、oring、真空管件 https://reurl.cc/Xkd0oa
勁順購物 溫控器 1500W AC110/220V https://reurl.cc/Y62Aba
科學博士 鋅片 https://reurl.cc/e8eN2K

雪鰻的家PLUS Y-500 矽質高效能散熱膏 https://reurl.cc/OqlyWX

coolpolos的賣場 DC 5V-12V 無刷馬達 靜音水泵 https://reurl.cc/x0yrrL
台灣秋葉原電子企業社 240直寶塔水排 + 風扇 https://reurl.cc/2g2dnX

南一電子有限公司 Electronic components

東昕實業有限公司 Vacuum product

三美玻璃儀器行 Quartz processing

科研市集 實驗耗材、設備儀器代購 https://www.sciket.com/

嘉展鋼鐵 不銹鋼
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