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Abstract 

   Today, the application of satellite spatial propulsion using the practice of electric propulsion 

is quite common, including the success of the development of the hall and ion thruster. In 1884, 

Hittorf introduced for the first time a Radio Frequency Ion Thruster (RIT), which produced a 

plasma in a vacuum using a magnetic field. Inheriting his ideas and from the achievements of 

Applied Aerodynamics Research Laboratory, we study theoretical analysis Tool Development 

and measurement system. The system under research and development includes faraday probe, 

RPA probe and Torsional Thrust Stand with ion thruster and was tested with different input 

locations and conditions to evaluate the ion current density and ion energy distribution. The 

specifications of Faraday probe and RPA probe are designed based on the electronic density 

and temperature analysis, etc. 

Chapter 1. Introduction 

1.1 Introduction about development history of electric propulsion 

   Coined in the early half of the 20th century, the idea of electronic propulsion has been 

developed by researchers around the world and widely applied in technologies such as Hall 

thruster and ion engine [1-3]. Over the years of development, plasma propulsion has been used 

in a number of scientific missions such as proving the ion engine measurement concept (SERT-

NASA), being included in the propulsion engine for the Soviet probe Zond 2, and applied in 

the flyby orbiting around comets and asteroids (Deep Space 1-NASA), “raise its orbit from 

medium Earth orbit (MEO) to the geostationary orbit” (ESA) [4]. EP technologies have been 

developed in some countries, including the United States, the Former Soviet Union, and Japan.  
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   Electric propulsion was first utilized in 1964 by NASA and the Soviet Union. In 1968 US 

LES and NOVA satellites used pulsed plasma propulsion engine to achieve a "drag-free" orbit 

[5-6]. In 1981, the use of electric propulsion for commercial purposes was firstly marked with 

the launch of GEO Intelsat V series of satellites, followed by continued successes of RCA 

Satcom 1 with 77 ships and about 20 geographically asynchronous satellites in the original 

Iridium constellation [7-8]. Due to the efficiency improvement properties provided by 

electromechanical motors, the use of pulsed plasma thruster or resist jets cannot be applied 

instead. 

   As EP technology was widely adopted around the world, in 1993, Telstar 401 telecom 

satellites were successfully launched using arcjet thrusters for GEO orbit [9]. The relationship 

between the choice of propulsion technology and launcher requirements is best demonstrated 

through the selection of arcjets for North south station keeping , for example, the mass 

reduction enabled by arcjets helps to save costs in launching. The success of Telstar 401 marks 

a turning point in removing barriers, helping private satellite operators develop EP technology. 
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Fig. 1.1  Number of EP-based GEO satellites launched in the years 1993-2016 (3-year 

running average), divided into electric thruster subclasses[10] 

   Following the success of the Telstar 401, the rapid increase in the number of satellite 

integrators deployed EP push systems is shown in Fig 1.1. From 1992 to 2000, the number of 

launched satellites increased continuously to 12 satellites in 2000. From 2000 to 2016 the 

number of launched satellites increased, sometimes decreased, but always maintained aaround 

at least 7 satellites in this period, electric propulsion with additional primes adopted like 

gridded ion and Hall-effect thrusters gradually replaced the arcjet technology. The number of 

satellites using arcjet technology decreased from 4 to 1 from 2000 to 2016. EP technology is 

demonstrated to perform many different functions of and is increasingly popular in most space 

applications, from CubeSats, "via Earth observation satellites at LEO, to remote interplanetary 

missions" [11]. The first RIT Ion Thruster with an ionic diameter of 4 to 35 cm was successfully 

developed at the Physikalisches Institute in Justus-Liebig-Universität Gießen in the 1960s. 

Based on this research, Eureka and Artemis put the RIT ion thruster to use in 2001. 

1.2 Introduction to micro ion engine  

  

Fig. 1.2 Comparison between Micro Plasma Thrusters 

   Electrostatic propellants accelerate ionization repellents in four main categories: Field 

Emission Electric Propulsion (FEEP), Colloid Thruster, Ion thruster, Hall Effect Thruster 

(HET). In particular, micro engine with small capacity, as in this study, with RF power of about 
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50 W, will have priority points compared to other types of motors such as: high discharge speed, 

high efficiency, gas promote inert, high promoting properties. According to Fig 1.2, 

electrospray has the most efficiency. Beside that micro ion engine has high thrust and high ISP 

comparing to the micro-Hall, electrospray, micro PPT [12]. However micro ion engine has 

drawback such as: negative power processing, grid and cathode lifetime issues, high voltage.  

1.3 Scope of dissertation 

   The thesis focuses on the theoretical analysis of Tool Development, the development of 

measurement system, and along with that, some physical analysis of plasma of the RF 

discharge chamber was performed. The specific thesis in this dissertation are as follows: 

   Firstly, the performance of the RF ion thruster depends on the characteristics of the RF 

discharge. Therefore, for the convenience of performance analysis and calculation, we have 

developed a theoretical analysis tool based on RF discharge analysis. The theoretical analysis 

tool is developed based on the GUI to make it more intuitive and convenient. Then the design 

parameters are set and executed, the calculation result is saved as a data file in Excel format. 

   Secondly, a measurement system was developed for Radio-Frequency ion thruster(50W) 

which made by Applied Aerodynamics Research Laboratory in University of Ulsan. The 

system includes: Faraday probe, RPA probe and Torsional Thrust Stand. The RPA cup and 

Faraday probe design parameters rely on expected range of ion current density and temperature, 

the sheath thickness. Evaluations of the designed faraday probe and RPA probe system in 

experimental in vacuum chamber and calibration testing of thrust stand to be tested. Besides, 

simulation of electromagnetic force measurement system used for 50 W class RF gridded ion 

thruster was performed. 
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Finally, Analysis plasma physic of RF discharge chamber: electron density, electric 

potential distribution, electron temperature distribution of plasma in RF discharge chamber. 

1.4 Limitation of dissertation 

   The design and manufacturing methods and evaluate the ion current density of Radio-

Frequency ion thruster are presented this study. Theoretical analysis Tool Development was 

developed in order design the small -scale thruster based on RF discharge analysis. Along with 

that are the current ion density estimates by a system of faraday probe and RPA probe in a 

vacuum chamber. However, some limitations in the thesis are as follows: 

• Due to experimental limitations, verification cannot be performed between 

analytical model and experimental data of thruster ions. However, the analytical 

results are verified by experimental results from the references. 

• Torsional Thrust Stand was not experimented in the vacuum chamber 

1.5 Dissertation outline 

   The theoretical analysis tool and measurement system are builded at AARL lab, University 

of Ulsan. This thesis has structure illustrated by the following: 
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Fig. 1.3 Outline of chapters 

   Chapter 1 of this thesis is overview introduction. Chapter 2 presents about theory fundament 

of Radio-Frequency ion thruster. The theoretical analysis Tool Development based on RF 

discharge analysis are presented in chapter 3. In chapter 4, the process of forming and 

developing a measurement system is presented. The experimental results measured and 

simulated by the system of faraday probe and RPA probe are shown in Chapter 5. Chapter 6, 

conclusion and future development direction are presented in this chapter. 

Chapter 2. Theory fundamentals of Radio-Frequency ion thruster 

2.1 Fundamental description of Radio-frequency ion thruster 

   The previous design for thruster has some issues as potential life or power supply with ion 

thrusters utilize hollow cathode. Radio-Frequency ion thruster uses an inductive plasma 

generator to create electromagnetic field which heat particulars, ionize the injected gas, that 

created plasma. According to Figure 2.1, structure of Radio-Frequency ion thruster uses xenon 
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gas as input material. The fuel is injected into the discharge chamber, a RF coil wrapped around 

chamber (shape of discharge chamber can be cylindrical, conical, ...) and grid system. 

 

Fig. 2.1 Structure of RF ion thruster 

Table 2.1 : Examples of Small Scale RF Ion Engines 

 𝝁𝑿𝑹𝑻

− 𝟐. 𝟓(𝑱𝑳𝑼) 

BRFIT-3 

(BUSEK) 

RIT𝝁𝑿 

(ARIANESPACE) 

ESA 26 

THRUST 0.05-0.6 mN 1.6 mN 50-500 𝜇𝑁 200 mN 

POWER 34.4 W 80W <50 W 6.2kW 

ISP 2861s >7600s > 10kNs up to 

200kNs 

4500s 

GRID 

DIAMETER 

22.5mm 30mm 76mm 26 mm 

 

    The previous design for thruster to have some issues as potential life or power supply with 

ion thrusters utilize hollow cathode. Radio-Frequency ion thruster uses an inductive plasma 
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generator to create electromagnetic field which heat particulars, ionize the injected gas, that 

created plasma. According to Figure 2.1, structure of Radio-Frequency ion thruster uses xenon 

gas as input material. The fuel is injected into the discharge chamber, a RF coil wrapped around 

chamber (shape of discharge chamber can be cylindrical, conical, ...) and grid system. 

Advantage of family of RIT Ion thruster compare with the previous design is the discharge 

chamber no thermionic electron emitter so that is easy increasing the lifetime of grids. 

Following the figure 2.1, the RF coil wrapped around the discharge chamber distributed 

alternating from 1 MHz to 13.56 MHz. An RF sinusoidal current (𝐼𝐶⃗⃗  ⃗) through the RF coil create 

a magnetic field axial �⃗�  in discharge chamber. According to Faraday's law electromagnetic 

induction, that creates an azimuthal electric field. The electrons inside discharge chamber are 

created by oscillation of RF current through in the coil. When electrons enough energy cause 

neutral propellant ionization process. Ions produced of this process which will move to 

boundary the wall, a screen grid. There are some successful developments of small size RF ion 

thrusters as shown table 1. RF ion thrusters are being developed by several institutes  around 

the world such as Giessen  University, Busek, and Arianespace. We hope to become a fast 

follower to these RF ion thrusters. 

2.2 Advantages and disadvantages 

   On NASA spacecraft, thruster ions are used the most, which also proves to be a very 

successful and superior design. The ion thruster have the following advantages: high efficiency, 

high specific impulse, inert propellant, high exhaust speed. Efficiency range of ion thruster is 

about 40-80% higher than other engines of the same size such as Arcjet, Hall thruster, Pulsed 

plasma thruster. However, the extracted ion beam is limited by the electric current in the grid 

system, so the average repulsion density will be best. The ion thrusters also have the best 

significant Isp of about 8 times the same size of Resistojet and 5 times more than Arcjet [12]. 
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In addition, they use gas propellants used such as Argon, and Xenon are less toxic than Teflon.      

The absence internal cathode helps to reduce the problem of erosion of the engine life should 

be significantly prolonged. This is an advantage in long-term missions such as holding and 

dragging stations in high orbit or interplanetary travel. 

   Despite its many advantages, RF ion engine have problems with miniaturization of amplifier 

components, complex design methods. Impedance matching for RF circuits has high coupling 

efficiency and low power loss and requires knowledge of the plasma such as previously 

unknown electrical properties. In addition, parasitic power loss is typical as the process of 

heating the coil by ohmic. Development of high-performance RF power electronics is an 

ongoing research area in the world but not within the scope of this thesis. 

2.3 Summary 

   This chapter presents the basic theory of RF ion thruster and also discusses its advantages 

and disadvantages. The development of a computational tool for ion engine research and 

advancement is essential and the principles and physics of the RF ion thruster are shown in 

Chapter 3. 

Chapter 3. The theoretical analysis Tool Development (AARL model) 

3.1 Introduction 

   The performance of the RF ion thruster depends on the characteristics of the RF discharge. 

Therefore, for the convenience of performance analysis and calculation, we have developed a 

theoretical analysis tool based on RF discharge analysis. This model is based on a 0-D 

analytical model for discharge chamber. The theoretical analysis tool is developed based on 

the GUI to make it more intuitive and convenient than older. In addition, this new model helps 

to compute the effect of the grid geometry values on the system based on Clausing Factor 
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Monte Carlo calculation [3]. Then the design parameters are set and executed, the calculation 

result is saved as a data file in Excel format. Results from this tool in order to find suitable 

parameter geometrical during engine manufacturing. Computational modeling of RF ion 

thruster is used frequently in the manufacturing process, typically as Goebel model [13], that 

suggested a theoretical analysis Tool Development can be used to find efficient of ion thruster. 

This tool has a few shortcomings during considering effects such as magnetic field of RF ion 

thruster. 

 

Fig. 3.1 Schematic of an RIT 10  

   For one real example about RF ion thruster shown Figure 3.1(RIT-XT thruster from JLU [14]. 

According to the figure, discharge chamber is conical made by alumina insulator, an antenna 

coiled wrapped around the chamber. A hollow neutralizer is used to reduce the divergence 

angle of the plasma beam. 

3.2 Description of the model 

   Firstly, geometrical parameters such as volume of chamber, the wall area are determined by 

the following formulas: 
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Vconical =
1

3
π(r1

2 + r2
2 + r1r2)h 

(3. 1) 

 

Aw = π(r1 + r2)l + πr2
2 (3. 2) 

 

𝐴𝑠 = 
𝜋𝑟𝑏

2

4
 

 

(3. 3) 

 

 

Total ion loss area follow this equation: 

𝐴𝑡 = 𝐴𝑔 + 𝑓𝐶 × 𝐴𝑤 + 𝐴𝑏𝑤 (3. 4) 
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Fig. 3.2 Flow chart of the analytical discharge of AARL model 

   In fact, Plasma is always in a nearly neutral state [15], so the ionic density calculated 

approximately equal to the electron density (𝑛𝑖 ≈ 𝑛𝑒). The power loss in the RF ion thruster is 

mainly due to free electrons and ions entering the wall, the plasma edge sheath potential is used 

to estimate this loss. The energy characteristics of the thruster still depend on the secondary 

electrons [3]. In the [16-18] reports, it is shown that the secondary electronic efficiency is 

determined by the following equation: 
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𝛾 = 𝛤(2 + 𝑏)𝑎𝑇𝑒𝑉
𝑏  (3. 5) 

 

   Where 𝛤  is the gamma function, value of the coefficients a and b respectively 𝐴𝑙2𝑂3 

(0.145;0.650) – Stainless steel (0.040,0.610). 

3.3 Plasma discharge in RF ion thruster 

3.3.1 Neutral gas model 

   The temperature of the electron is determined by the rate of production of single and 

stimulating neutral ions, so the calculation of neutral gas density is very important. The 

calculated parameters of the neutral gas such as the amount of ionization out of the chamber, 

the mesh, and the velocity are determined by the following equations: 

𝑄𝑂𝑢𝑡 = 𝑄𝑖𝑛 −
𝐼𝐵
ⅇ

 
(3. 6) 

 

𝑄𝑜𝑢𝑡 =
1

4
𝑛0𝑣0𝐴𝑔𝑇𝑎𝜂𝐶  

(3. 7) 

 

𝑣0 = √
8𝑘𝐵𝑇

𝜋𝑀
 

(3. 8) 

 

   Beam extraction also affects the transparency of the system efficiency ion optics Teff = Ib IB⁄  

[19]. The ion beam current given by: 

Ib =
1

2
nieveAsTeff 

(3. 9) 

 

   In which the velocity e will be calculated as: 



25 | P a g e  

 

ve = (kTe M⁄ )1 2⁄  (3. 10) 

 

   The grid optical transparency is determined by formula: 

Ta =
1

(1 Ts) + (1 Taccel) − 1⁄⁄
 

(3. 11) 

 

   Taccel / Ts = 0.36 is the conventional relation proposed by Farnell, where Taccel  is the 

accelerator grid transparency. 

   Where 𝐴𝑔 is open area ( 𝐴𝑔 = 𝛽𝑔𝛱𝑅2), 𝜂𝑐 is Clausing factor [19].  Follow these equations 

3.6, 3.7, and 3.8 we have:  

𝑛0 =
4𝐼𝐵𝛼𝑚

𝑣0ⅇ𝑇𝑎𝜂𝐶

1 −
𝜂𝑚

𝛼𝑚

𝜂𝑚
 

(3. 12) 

 

   The single ions and the double charged ions have been surmised that they coexist in the 

plasma, an equation for the propellant's use efficiency: 

ηm = mi̇ ṁp⁄ = αm(Ib𝑀 e⁄ ṁp) (3. 13) 

 

   Where ṁp  is the mass flow input to chamber of ion thruster ( �̇�𝑝 = 𝛼𝑚
𝐼𝑏

𝑒

𝑀

𝜂𝑚
), The 

coefficient for a doubly charged ion given by: 

αm =
1 +

1
2 

I++

I+

1 +
I++

I+

 

(3. 14) 
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   The neutral pressure in the discharge chamber is calculated by the formula: 

P0 = 1.04 × 10−25n0 × T0[𝐾] (3. 15) 

 

 

3.3.2 Particle and power balance 

   In fact, the singly ionized particle and doubly particle coexist in the plasma, so we have the 

total flow of ionic products given by: 

ITotal = I+ + I++ = Iw + Iscr + Ib (3. 16) 

 

   This total product is also equal to the loss of ions entering the wall, the grid and the plasma 

through the grid system. Production rate of singly ionized and doubly ionized of the propellant 

(Ar, Xe, ...) is modeled by equations: 

I+= nonee⟨𝜎𝑖
+ve⟩ Vchamber (3. 17) 

 

I++ = ne
2e⟨𝜎𝑖

++ve⟩Vchamber (3. 18) 

 

I∗ = ∑no

j

nee〈σ∗ve〉jV 
(3. 19) 

   In which, ⟨𝜎𝑖
+ve⟩, 〈σ∗ve〉 and ⟨𝜎𝑖

++ve⟩are single ionization rate and double ionization rate [21], 

respectively. Total ionic current enters the discharge chamber wall given by: 
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Iw =
1

2
nie√

kTe

Mxe
Awfc 

(3. 20) 

 

   In which the confinement factor is fc = vi / vBohm. Since the RF ion thruster has a changing 

electric field over time that induces an induced magnetic field, it reduces the ion loss due to the 

ions entering the wall leading to a reduced confinement factor. The mean value of the detention 

factor is about 0.44 for the RF ion thruster (typical as RIT-15 engine) and possibly about 0.4 

for the higher power engine [13]. In addition to the number of ions lost by penetrating the 

chamber wall, the amount of ions lost due to trapping by the screen mesh area, this ion flow is 

calculated by the equation: 

Iscr =
(1 − Teff)

2
nie√

kTe

Mxe
As 

(3. 21) 

 

   In addition to analyzing the particle equilibrium model, the study also analyzes the energy 

model. The absorbed power is calculated by: 

Pabs = I+U+ + I++U++ + I∗U∗ + (Is + Iw + Ib)(0.5Te + ϕ) + Ia(2Te + ϕ) (3. 22) 

 

   “Where U + is the ionization potential, U ++ is the second ionization potential, U∗ is the 

average excitation potential over the excited species”[13]. The energy εi of the ions at the wall 

follow equation: 

εi =
Te

2
+ ϕ 

(3. 23) 

 

   The power losses were caused by electron and ion given by: 



28 | P a g e  

 

Pion_loss = (Iscr + Iw + Ib)(0.5Te + ϕ) (3. 24) 

 

Pelectron_loss = Ia(2Te + ϕ) 
(3. 25) 

   The loss of electrons and ions is due to the incoming flow of ions and electrons to the floating-

potential walls. We have the discharge loss is:  

ηd_loss =
2n0V

√kTe

M AscrTs

(〈σi
+vp〉U

+ + 〈σi
++vp〉U

++)

+ [
(1 − Teff)

2
+

Awfc
AscrTs

+ 1] (2. 5Te + 2ϕ) 

(3. 26) 

 

 

3.3.3 Electromagnetic model of RF ion thruster 

   A typical model of RF ion thruster would have a coil wound around the discharge chamber 

with N turns and RF voltage in the coil with typical frequency is in the range 1 MHz. During 

the cycle of the magnetic field is 1𝜇𝑠, ions are considered to be at rest because the ion-acoustic 

speed at Te = 5eV is about 1.9 km / s so the ions move 2 mm. During the RF process, the 

electrons aren’t definitely stationary, but the electrons will be held still by the ionic spatial 

charge." Therefore, the magnetic field from the RF coil can provide some confinement of the 

plasma” [13]. and the ion flux to the discharge chamber wall decrease. This is explained by the 

walls are floating that reduces the current of bipolar electrons entering the discharge chamber 

wall and thus reduces energy loss. The size of coil and the amount of power affect the magnetic 

field generated by the RF coil. This is proved through the formula: 

𝐵[𝐺] = 104μ0NI (3. 27) 
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   Where I is the coil current,  μ0 is the permeability of free space μ0 = 4𝜋 × 10−7 H/m and N 

is the number of turns per meter. The ion and electron velocities in the radial direction are 

calculated in order to the ion loss across the magnetic field to the wall [22]. The steady-state 

transverse electron equation of motion includes electron neutral and electron collisions follow 

this equation: 

mn(
dve

dt
+ (ve⨂∇)ve) = −en(E + ve × B) − kT∇n 

−mnνen(ve − v0) − mn(ve − vi) = 0 

(3. 28) 

 

vx + μeE +
e

mνe
vyB +

kT

mνe

∇n

n
−

νei

νe
νi = 0 

(3. 29) 

 

vy + μeE −
e

mνe
vxB +

kT

mνe

∇n

n
−

νei

νe
νi = 0 

(3. 30) 

 

   Where ve = ven + vei  and μe = e
mνe⁄  and v0 ≪ ve . The transverse electron velocity we 

have: 

ve(1 + μe
2B2) = μe (E +

kT

e

∇n

n
) +

νei

νe
νi 

(3. 31) 

 

   We equate the electron and ion transverse velocities when assuming ambipolar diffusion: 

v𝑖 =
μe

(1 + 𝜇𝑒
2𝐵2 −

𝜈𝑒𝑖

𝜈𝑒
)
(E +

kT

e

∇n

n
) 

(3. 32) 

 

   The radial diffusion length in the magnetic field is l = ∇n / n, which is also the last term with 

the density gradient term. The dipole flow is maintained by an established radial E-field, which 

also determines the transverse electron mobility. To reduce the maintenance of the dipole, the 

electric field strength is placed in the region oriented by the horizontal magnetic field and the 

dipole current in order to reduce the acceleration of the ions towards the wall. "However, in the 
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limit of no magnetic field, the electric field must accelerate the ions only to the Bohm velocity 

“[23]. So, the net electric field in the plasma edge region will be limited to: 

E = −
1

el
Mvi

2 
(3. 33) 

 

   The minimum magnetic field given by: 

B =
vem

el
√

e

mνeνi
(
Te

l
−

mvi
2

el
) − (

ν

1 + ν
) 

(3. 34) 

 

   The transverse ion velocity to the wall is: 

vi =
1

2
√[

el

Mμe
(1 + μe

2B2 −
vei

ve
)]

2

+
4kTe

M
− [

el

2Mμe
(1 + μe

2B2 −
vei

ve
)] 

(3. 35) 

 

   The parameters in the term νe = νen + νei and ν =
νen

νei
⁄  are given by: 

νen = σ√
8eTe

πm
 

(3. 36) 

 

σ = 6.6 × 10−19 (
Te

4
− 0.1 (1 +

Te

4
)
1.6

⁄ ) 
(3. 37) 

 

νei = 2.9 × 10−12
ne ln Λ

Te
1.5  

(3. 38) 

 

ln Λ = 23 − 0.5 ln (
10−6ne

Te
3 ) 

(3. 39) 

 

   In which lnΛ is the Coulomb logarithm. A confinement factor fc was created to evaluate the 

decrease in ionic flow to the wall. The simple problem is to compute the expected decrease in 

the flow of ions to the wall due to a decrease in radial Bohm velocity at a certain magnetic field 

strength   B. In this case, the ions will lose the wall. In this case, the ions that have been trapped 

into the discharge chamber wall will eventually reach the grids because the axial pre-radial 

potential generated by the ionic flow towards the grids promotes the axial ion velocity in the 

plasma. exceeds the radial ion velocity. 
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3.4 Model and result  

 

Fig. 3.3 The interface of Theoretical Analysis Tool Development 

   The performance of the RF ion thruster is basically divided according to the characteristics 

of the RF vibration isolation.  Therefore, for the performance analysis of the RF ion thruster, 

we are developing a theoretical analysis tool based on the analysis of RF discharge.  In the 

previous year, the usable level of code development was completed, and in this year, the 

theoretical benefit tool was developed based on GUI to make it more intuitive and convenient 

to use.  Fig3.3 is the developed theoretical interpretation. This is a picture showing the GUI 

panel of the tool.  If the line parameters are selected and executed, the calculation result is 

hindered by the data file in Excel format.  Ice oil is set as the main input value, excluding the 

number of years of the model, and calculation results according to various propellant 

efficiencies are provided for cases that benefit from each beam advance. 
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Fig. 3.4 Comparing the calculations obtained from the models with the experimental results 

of ESA-XX at 780 A 

   The discharge power curves for the RF thruster ESA XX (current 780mA) are shown in figure 

3.4. The square dot curve corresponds to the experimental results [24], the solid red curve 

corresponds to the mathematical analysis model calculation from Reference. [21] and a solid 

blue curve that corresponds to our model calculation. Figure 3.4 also shows that we provide a 

better result even in the case of a lower flow rate. 
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Fig. 3.5 The ion production cost channels map of the  ESA-XX RF ion thruster at Ib=0.78 A 

obtained by our analytical model. 
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Fig. 3.6 Comparing the calculations obtained from the models with the experimental results 

of ESA-XX at Ib= 2 A 

   Fig. 3.6 shows a comparison of the calculations obtained from the models with the 

experimental results of ESA-XX at Ib = 2 A. In which the error from our calculation model with 

experimental results is about 0.31% to 7.67% with Ib = 2A, the size of the ion thruster in the 

test is 26cm in diameter (ESA-XX). 

 

Fig. 3.7 Comparing the calculations obtained from the models with the experimental results 

of RIM-4  at Ib= 10mA and 12,5mA 
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Fig. 3.8 Comparing the calculations obtained from the models with the experimental results 

of RIM-4  at Ib= 7.5mA 

   Figures 3.7 and 3.8 show the calculation results on our model and experimental results for 

the power requirement and low mass flow rate have both errors below 10%. The ion thruster 

mentioned in this experiment is the 4 cm diameter RIM-4 with a spherical discharge chamber. 

Based on the above comparison results, our analytical model is in good agreement with the 

experiment and not depend on scale. 
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   Our model helps to optimize the design process such as choosing motor geometry. Figure 3.9 

shows efficiency for various area ratio when the same RF power and other values like screen 

diameter, beam current, etc. 

 

 

Fig. 3.9 Efficiency for various area ratio. 

3.5 Summary 

   An analytical model for the ion thruster is built to provide a better predictor of performance 

during the design process. The additional feature that we have considered in this model is the 

transformational coefficient obtained from the Monte Carlo calculation. The model created on 

MATLAB Guide app makes it is easy to use, and it's also, compared to previous analytical 
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models, it is commonly used in laboratories. The calculation results obtained from our 

analytical model obtained good results consistent with the experimental results for RF thrusters 

for different beam currents and sizes of thruster. 

Chapter 4. Measurement system  

4.1 Faraday probe 

4.1.1  Formation of Faraday probe 

   The Faraday probe system is used to measure ion beam current. The structure of the Faraday probe 

includes a collector enclosed in a guard ring between them there is an insulator. [25-27] When ion beam 

goes through grids of RF thruster to Faraday probe. It is absorbed into the collector, besides low energy 

ions coming from non-axial directions are absorbed by a guard ring. The current density is evaluated 

by measuring the ion current received and divided by the collector surface area. Measurements are made 

by varying the distance between the engine and the Faraday probe and varying the flow rate and RF 

power. The ion beam current can determine the divergence angle of the ion beam of the RF thruster. 

 

Fig. 4.1 The schematic of the Faraday probe 

   Ion current density is calculated to follow equation:  

j = ∑ ⅇ𝑘 𝛤
k
Z

k 
= 

𝐼𝐸𝑃

𝐴𝐶+𝑘𝐺
k

SEE 

(4. 1) 
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    IEF is ion current of a point measurement by the Faraday probe at(Z,r),kG is correction for 

probe ion collection area, kSEE is correction for collector secondary electron emission. 

kG = π (RGR2 – RC2) ( 
2𝜋𝑅𝐶ℎ𝐶

2𝜋𝑅𝐶ℎ𝐶+2𝜋𝑅𝐺𝑅ℎ𝐺𝑅
)

 

(4. 2) 

 

kSEE = 
1

1+𝛴𝑘
𝛺𝑘𝛾𝑘

𝑧𝑘

 

(4. 3) 

   RC is radius of collector, hC height of collector, RGR is radius of guard ring and hGR is height 

of guard ring. 

   Total ion beam current near field: 

𝐼𝑏 = 2𝜋 ∫ 𝐽[𝑟]𝑟 ⅆ𝑟

∞

0

 

   (4. 4) 

   Total ion beam current far field: 

𝐼𝑏 = 2𝜋𝑅2 ∫ 𝐽[𝜃]
𝑘𝐷

𝑘𝐴
𝑠𝑖𝑛(𝜃) ⅆ𝜃

𝜋∕2

0

 

   (4. 5) 

 

4.1.2 Design Faraday probe for RF thruster. 

   Faraday probe can negatively affect the plume measurements if plasma disturbances are 

caused. A probe design must satisfy the following conditions: receiver diameter, distance 

between receiver and guard ring, probe material, voltage deviation. Ions have low energy from 

non-axial directions by a guard ring cover the collect contemporaneous which reduce 

electrostatic edge effects. Part of ions when to Faraday probe go to gap between collector and 

guard ring so minimized to overlap which have value approximately 5 to 10 with the local 

plasma Debye length.  
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   Equation for calculating Debye length is presented: 

𝜆𝐷 = √
𝜀0𝑘𝑇𝑒

𝑛𝑒ⅇ2
 

   (4. 6) 

 

   Te is electron temperature, ne is electron density, Boltzmann constant is k and 𝜀0 is 

permittivity of free space. Dc power supply provide for collector and guard ring is -15V to -

30V far field measurements and approximately 100V for near field measurements. The value 

of resistor (RFP) is from 10 Ω to 1000 Ω.  

Table 4.1 Manufacturing paraments of Faraday probe 

COMPONENT VALUE 

Diameter collector  1 cm 

Diameter guard ring  2 cm 

Distance between collector and collector  1mm 

 

 

Fig. 4.2 Faraday probe of ARRL lab 

The parameter prices are based on the reference [27] and the machinability of the factory. 
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4.1.3 Travel system  

    In order to measure the ionic density at different positions and the ion distribution we need 

a travel system. There are two measurement positions of the faraday: near field and far field. 

 

Fig. 4.3 the location of the praday probe[24] 

 

 

 

Fig. 4.4 Travel system for Faraday probe : near field (left), far field (right) 

    Travel system includes Faraday probe holder, remote control, stepper motor. Remote control 

of step motor includes L298 and Arduino and power supply 6V-12 V. (It is show figure 4.5). 

Step motor will control by Arduino application or MATLAB by cable USB through Arduino 

UNO. Step motor was chosen to depend to stall torque which must bigger than moment of 

gravitation of faraday probe and bracket:  
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Pfb ×  Dfb+ PB x DB    <    Tsm (4. 7) 

• Pbracket is gravitation of bracket  

• Dfb is distance between faraday probe  and center of step motor  

• DB is distance between center bracket and  step motor.  

• Pfb is gravitation of faraday probe. 

 

Fig. 4.5 remote control of step motor 
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Fig. 4.6 Travel system in chamber 

 

 

Fig. 4.7 Control circuit 

    The travel system is connected to the control computer outside the vacuum chamber by USB 

feedthrough. 

4.2 RPA probe 

4.2.1 Formation of RPA probe 

   The RPA probe system is measuring the ion energy distribution. The structure of RPA probe 

includes 3 grids, a collector enclosed in a guard ring between them there is an insulator. The 

first grid is a floating grid used for reducing the plasma perturbation and attenuate the density 
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in the RPA. The second one, electron repelling grid is negatively biased for repelling the 

electrons. The third grid has a role to do the ion retarding grid which is positively biased at 

various high values by sweeping the voltage. At different retarding potentials, the collector will 

obtain a different current signal. The ion current obtained by the collector is related to the ion 

velocity distribution given by: 

𝐼(𝑉) = 𝐴𝐶𝑞𝑖𝑛𝑖 ∫ 𝑢𝑖𝑓(𝑢𝑖) ⅆ𝑢𝑖

∞

𝑢(𝑉)

 

(4. 8) 

 

   Where AC is the probe collection area, qi is the charge-state of the ion, ni is the ion density, 

V is the ion retarding, ui is the ion velocity [28]: 

𝑢𝑖 = √
2𝑞𝑖𝑉

𝑀
 

(4. 9) 

 

ⅆ𝑢 = √
𝑞𝑖

2𝑀

1

√𝑉
ⅆ𝑉 

(4. 10) 

 

𝑓(𝑢)ⅆ𝑢 = 𝑓(𝑉)ⅆ𝑉 
(4. 11) 

 

   Where f(V) is the energy distribution function. From 4.9 to 4.11,  

𝐼(𝑉) = 𝐴𝐶𝑞𝑖𝑛𝑖√
2𝑞𝑖

𝑀
∫ √𝑉𝑓(𝑉) ⅆ𝑉

∞

𝑉𝑚𝑖𝑛

 
(4. 12) 

 

    Ion energy distribution can be obtained: 

−
ⅆ𝐼

ⅆ𝑉
= 

𝐴𝐶𝑞ⅈ
2𝑛ⅈ𝑒

2

𝑀
𝑓(𝑉) 

(4. 13) 

 

  Where e is the    elementary charge and M is the ion mass. Voltage V = εi / e, ion energy 

distribution function can be deduced from the function f (V) = f (εi / e). 



44 | P a g e  

 

4.2.2 Design RPA probe: 

 

Fig. 4.8 Example for electric circuit of RPA probe  

   Each grid plays a different role in contributing to the accuracy of the measurement. Along 

with that, the distance between the grid is also very important because if the distance is too 

large, it will cause the accumulation of electricity and lose the effect of the grid. Ideally this 

distance is determined by the following formula: 

𝑥 ≈ 1,02𝜆ⅆ (
ⅇ𝑉ⅆ

𝑘𝐵𝑇𝑒
)
3∕4

 
(4. 14) 

 

   The two factors that determine the size of the mesh in RPA probe is the length of the Debye 

and the effect of the mesh size of the large mesh and the small mesh. If the mesh hole is too 

large, ions will pass through the grid due to a decrease of potential at the center of each cell. 

However, if this size is too small, the increased surface area leads to a decrease in the number 

of passing particles. To determine the maximum potential deviation around the grid we have 

the equation:[29] 

𝛥𝑉𝑟
𝑉𝑟

= 1 −
2𝜋(𝑥|𝑎) − 𝑙𝑛 4

2𝜋(𝑥 ∕ 𝑎) − 2 𝑙𝑛(2 𝑠𝑖𝑛(𝜋𝑟 ∕ 𝑎))
 

(4. 15) 
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   As the mesh becomes larger there will be a greater number of particles that can pass through 

due to reduced physical obstacles, creating a larger measurable current on the meter. more 

particles will pass through. This causes inaccuracies to the measured currents. 

Table 4.2 Manufacturing parameters of RPA probe 

PARAMETER VALUE 

Diameter collector  1 cm 

Diameter hole of grid  0,05 cm 

Distance between floating grid and repelling grid  1 cm 

Distance between floating grid and regarding grid  2cm 

Distance between floating grid and collector  3cm 

Diameter of guard ring  2.2cm 

The parameter prices are based on theory and the machinability of the factory. 

4.3 Development of Torsional Thrust Stand 

   The thrust stand, which makes it possible to measure the thrust by changing the thrust 

generated by the ion engine into rotational motion, was designed as a torsion type, and while 

continuously improving the previous model, the neck design was changed so that it can be 

installed inside the vacuum chamber.  Fig. 4.9 is a diagram showing the shape of the thrust 

strand of torsion time designed according to the size of the vacuum chamber possessed.  To 

improve the measurement level of the force generated by the thruster, the length from the pivot 

spring could be asymmetrical, and a gong electric pin could be installed at one end and a 

thruster could be installed at the other end.  In order to reduce the rotational vibration caused 
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by the pivot spring, a magnetic field damper was installed, and the displacement of the thrust 

stand was measured in real time with a laser displacement meter. 

 

Fig. 4.9  Shape drawing of the thrust stand installed inside the vacuum chamber 

4.3.1 Torsion balance dynamics 

   The Thrust stand consists of a hollow square bar of length L = 1000 mm and torsion spring 

providing the restoring torque. When the engine works, a thrust causes the swing arm to tilt at 

an angle. This inclination will be measured with a distance-measuring laser sensor. We have 

the natural frequency of the system: 

ωn = √
kθ

Iθ
 

(4. 16) 

 

   Where kθ is the torsion spring constant and Iθ the moment of inertia (MI) of the system. 

However, in order for the system to stabilize we need damping, facilitating quick readings. 

Then, the motion equation is: 
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θ̈ + 2ζωnθ̇ + ωn
2θ =

f(t)lT
Iθ

 
(4. 17) 

 

   Where θ(t) is the instantaneous deflection angle, f(t) is the time dependent force, ς is the 

damping coefficient and lT is (moment arm) the distance from the pivot at which the force 

forms a torque. The steady state solution given by [30] (using small angular displacement θ =

x

lT

180

π
): 

θ(𝑡 → ∞) =
FlT
𝑘θ

⇒ 𝐹 =
θ(∞)𝑘θ

lT
⇒ 𝐹 =

𝑘θ

lT

x

l𝑠

180

π
 

(4. 18) 

 

   Based on the formula 4.18, we can see when knowing the linear displacement in steady state 

can easily calculate the force F. Maximize the resolution of force can be done by two ways: 

using torsion springs with constant Low spring count or increase Momen length and sensor 

distance. Due to the volume limitation inside the vacuum chamber will limit the torque length 

and inner sensor distance. The spring selected has a rated spring constant of 5.4232 N-mm / 

Degree ensuring a load capacity of 15 kg. 

4.3.2 PCB electronic comb 

   In the process of studying the development of the RF ion engine [31], we face a great challenge 

when measuring their repulsive force. The force generated by these motors is about micro-

Newton, requiring a simple, low-cost force measurement method to solve this problem. An 

electrostatic calibration technique is highly flexible in producing a wide different range of force 

and they have widely applied measurement from nano-Newton to micro-Newton thrust stand 

calibration. Based on the printed circuit board and commercial fins, the comb can be realized 

flexibly with the conveniently extended output force. Differences from the traditioned conductive 

area of the comb fixed plate are minimized to improve the force consistency over engagement. 
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In the paper, we focus on simulation about PCB electronic comb [32] and introduce the magnetic 

structure of the measuring system. 

    The expression must be generalized to a line integral: 

Vf – Vi =                               (4. 19) 

 

Fig. 4.10 Relationship between electric field and electric potential 

   The PCB electrostatic comb calibration system consists of a PCB electrostatic comb, a 

function generator, a high voltage power supply, a high voltage measurement probe and an 

oscilloscope. The high voltage pulse generator is presented in figure 4.11. 
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Fig. 4.11 Simple AARL fin comb circuit 

 

Fig. 4.12 : Layout of the polar plate  

 

   With the drive signals produced by the function generator, the NMOSFET is triggered. The 

width of the square pulse can be changed by adjusting the interval of the signal. The amplitude 

of the output voltage could be adjusted from 0 V to 2000 V, and the pulse width of the square 

waveform could be from hundreds of nanoseconds to seconds. The comb can generate a steady-

state force when supplied with a DC voltage and an impulse output with the high voltage square 

waveform [33-34]. A damping resistor (500Ω, 5 W) is connected in series between the comb 

and voltage power source to reduce the voltage overshoot. The voltage probe is used to measure 

the output voltage of the power source and the pulse width of the square waveform in high 

voltage. To ensure the accuracy of the measurement, the probe and the oscilloscope is 

calibrated beforehand. 
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Fig. 4.13 Electric potential and electric field 

   Figure 4.13 shows the electric potential and electric field of PCB electronic comb. The 

parameter of PCB electronic comb is the distance between poles, following axis x, y, z which 

are Δx = 2, Δy=5, Δz = 8. One pole is grounded, and another pole is connected to the source 

with V = 500V (waveform square) 

    In the simulation model for the experiment, the fins are designated as aluminum, and the 

surrounding medium is air, as depicted in Figure 4. The charged fin is assigned an excitation 

voltage from 0 – 1000 V with a square pulse. The frequency is set to be 500KHz. The same 

procedure is used for the simulation in COMSOL software, COMSOL Inc. 

    We consider each pair of poles as two parallel wires where the electromagnetic forces should 

appear. The polar plates are shaped as shown in Figure 4.14. 
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Fig. 4.14 Shape the polar plates 

    We have self-inductance of the polar plate [35]: 

                          L= µo.2.l(ln2l/(b+t) + 0.5)                    (4. 20) 

 

   This energy is stored in the magnetic field  of the inductor [36]: 

Wm=n 
1

2
 LI2 =  ∫

1

2
𝜇𝐻2 ⅆ𝑣 =∫

1

2

𝐵2

𝜇
ⅆ𝑣             (4. 21) 

   Ampère's Law equation: 

∮ 𝐻 ⅆ𝑙 = ∫ 𝐽 ⅆ𝑆
𝑆

   (4. 22) 

   Where μ is the permeability of the medium and   is the externally applied current. 

     The volume electromagnetic force density is given by: 

𝐹 = 𝐽 �⃗�    (4. 23) 

 

 

Fig. 4.15 The graph represents the relationship of Δz and electromagnetic force at V0=1000V 

   When Δz changes, the volume changes; we have magnetic field changes according to the 

equation (4.21). 
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4.4 Summary  

An ion beam current measurement system including a Faraday cup and travel system is 

designed and completed. Along with that, the system and RPA probe system are designed and 

manufactured for ion energy distribution measurement. This chapter also presents the 

development of the Torsional Thrust Stand system for measuring thrust of the engine. 

Chapter 5. Simulation and experiment 

5.1 Simulation and experimental equipment 

    The code simulates the ion trajectories through the screen grid and acceleration grid of the 

RF ion thruster. The simulations utilized the 2-D axisymmetric model, with the axis is the x-

axis. Figure 5.1 describes the model of the simulation. 

 

Fig. 5.1 : Simulation geometry model 

   Mesh file generated by the VizMesh2D geometry creation and meshing software. A grid has 

been created for the computational domain. The smallest edge mesh element has a value of 

0.025 (mm). The cell element type is square elements. 
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Particle In-Cell Model (PIC) was used in this study, in this simulation all charge carriers are 

modeled as particles and the motion of charge carriers is driven by an electrostatic field [38-

40].  Gauss's law of electromagnetism, i.e., Poisson's equation is used to determine the self-

consistent electrostatic potential 𝜙: 

�⃗� ⋅ (𝜀𝑟�⃗� 𝜙) = −
𝜌𝑐

𝜀0
 

 

  (4. 24) 

 

where, 𝜀𝑟is the relative dielectric permittivity of the material, 𝜀0 is the dielectric permittivity 

of vacuum and ρc is the space charge density. The self-consistent electrostatic field �⃗� = −�⃗� 𝜙 

the particles considered in this study are all Xe+ charged particles, so they are all subject to the 

Lorentz force: 

𝐹 𝐿𝑜𝑟𝑒𝑛𝑡𝑧 = 𝑍𝑃(�⃗� + 𝑐 × �⃗� ) 

 

  (4. 25) 

 

The space charge density in the gas is: 

𝜌𝑐 = ⅇ ∑ 𝑍𝑘𝑛𝑘

𝐾𝑔𝑎𝑠

𝑘=1

 

  (4. 26) 

 

  

where, Zk  is the species charge number,  Kgas is overall species and the number of particles in 

a mesh: 

𝑛𝑘 =
∑ 1𝑘,𝑃

𝑉𝑐𝑒𝑙𝑙
 

 

  (4. 27) 
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Fig. 5.2 : Method of obtaining ion beam profiles [41] 

The angle of divergence is calculated by the formula [41]: 

𝛼 = 𝑡𝑎𝑛−1[(𝑅𝑎 − 𝑅𝐵) ∕ 𝐿]   (4. 28) 

 

Where: Ra is radius normal of ion beam current, RB is ion beam radius at accelerator grid and 

L is distance from the accelerator grid to the position considering the radius of the ion beam 

current. Assuming that the plasma densities passing through the acceleration grid are uniform 

between the holes, in order to determine the angle of divergence we need only consider the 

outermost hole of the acceleration grid. In this simulation, the outermost hole of the system is 

taken into research, so the angle of divergence is calculated as follows: 

𝛼 = 𝑡𝑎𝑛−1[(𝑅𝑎𝑔 − 𝑅𝑎𝑐𝑐𝑒𝑙) ∕ 𝐿] 

 

  (4. 29) 

 

Where: Rag is radius normal of ion beam current pass through the outermost mesh hole of the 

acceleration grid, Raccel is ion beam radius at accelerator grid hole. 
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Fig. 5.3 Simulation PIC when there is a shell (lower) and b) in absence of a shell (uper) 

    The voltage applied to the grid system in the simulation shown in Figure 5.3 is 1500V for 

positive grid and -350V for negative grid, with source ion is Xenon. In the case of an engine 

cover, it creates an electrode that attracts ions with the electrostatic force so the divergence 

angle of the ion beam larger. The divergence of the ion beam to be driven principally by radial 

electric fields. This is explained because when the RF ion thruster housing connected grounded, 

it produces an electrode. Figure 5.4 shows that the case without the shell has a lower electric 

field than the case with the shell, so the electric force acting on the ion is also lower so the 

divergence angle in case the engine has a cover that is bigger than that of the case without 

cover. 

   Based on Fig 5.5, the ratio between the diverging angle of the ion beam when there is the of 

a shell and absence of a shell increases with reduced negative grid voltage. This is explained 

because the net-to-total accelerating voltage ratio [41] affects the angle of divergence, the 

smaller the divergence angle, the greater the impact of the engine cover. 
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Fig. 5.4 Comparision between electric field (cover)and electric field (no cover) at z = 2.5mm  

  

Fig. 5.5  Comparing divergence angle between in case engine have cover and no cover 

5.2 Experiment and analysis for Faraday probe. 

   Faraday probe is kept by feedthrough with insulating jig attached. This insulation is made of 

alumina ceramic so that it does not produce Eddy currents due to the large magnetic field in 

the vacuum chamber and high frequency. If Eddy currents appear to cause large noise, it 

reduces the accuracy of the measurement. Test cases have been done. 
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Table 5.1 Parameters in experiment of Faraday probe 

PARAMETER VALUE 

Pressure 6.𝟏𝟎−𝟔 to   8.𝟏𝟎−𝟔(torr) 

Probe bias voltage -100 v 

Distance between faraday probe and 

engine 

10 cm 

Radial coordinate 0 cm to 7 cm 

Mass flow rate 3 sccm to 4 sccm 

Rf power 45w to 55 w 

 

 

Fig. 5.6 : Experimental images in a vacuum chamber 

Case 1: mass flow rate =4 sccm and change RF power 
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Fig. 5.7 : Result experiment when change RF power 

     In the case of power changes from 45 W to 55 W with the same mass flow rate of 4 sccm, 

we get the result that ion current density increases with RF power. The maximal current density 

(in experiment) is 6.5 mA/cm2 at point (r=0, flow rate = 4 sccm, RF power = 55W). 

Case 2: change flow rate and RF power =50 W. 

 

Fig. 5.8 Result experiment when change mass flow rate 

   The experiment shows that RF power 50W and mass flow rate changed from 3 sccm to 4 

sccm; hence, the ion current density gradually increases according to mass flow rate. 
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Fig. 5.9 Result experiment when change RF power (set radial coordinate) 

   Follow Fig 5.9, the ion distribution of the RF ion thrusters generated by ARRL differs from 

the ion distribution tendency of the plasma beam produced in previous studies [42-43]. 

According to previous studies, the ion density will decrease gradually according to the radial 

coordinate. However, the engine manufactured at AARL, the ion density reaches a low peak at 

a position 4 cm from the center of the engine. This is explained by the fact that the RF coil axis 

deviates from the discharge chamber axis which changes the direction of the magnetic field 

produced by the RF coil. The Lorentz force [44] is given by: 

𝐹 LF= q�⃗� + q𝑣𝑖⃗⃗⃗  × �⃗�   (5. 1) 

 

   In this case, the force considered is the magnetic force, that impacts only direction of moving 

charges [45], so the magnitude of the Lorentz force is equal to the charge of the charge of the 

ion and the vector cross product vi × B (FLF= q.vi B.sinφ) [44]. The measured deviation angle 

is about 13.24 degrees, then and the magnetic force is 0, so the ions moving in this direction 

are not affected by the Lorentz force, so the density here may be greater than the next position. 

5.3 Experiment and analysis for RPA probe 

Table 5.2 Parameters in experiment of RPA probe 
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PARAMETER VALUE 

Pressure 
6.10−6 to   

8.10−6(Torr) 

Probe bias voltage -100 V 

Distance between Faraday probe and engine 10 cm 

Radial coordinate 0 

Mass flow rate 5 sccm 

RF power 50 W 

Regarding voltage 0 V to   1100 V 

 

 

Fig. 5.10 Experimental images in a vacuum chamber 

   The I-V curve for the probe is placed 12 cm from the engine at the center. Measurements 

were obtained for thrusters operating at RF power is 50W, anode current rate of 5 sccm and a 

background pressure of about 6 × 10-6 Torr. 
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Fig. 5.11 Result experiment of RPA probe 

00 

Fig. 5.12 RPA I-V and dI/dV curve from measurements 100 mm at r = 0. 

   The peak in the derivative I-V characteristic is the most-probable ion potential is 825 V. If 

we take the normal plasma potential of about 9 V and ion thruster's acceleration voltage when 

testing is 1100V, we have the thruster's acceleration energy efficiency is 74%. 
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5.4 Calibration of Torsional Thrust Stand 

   Experiment system include LDS measures displacement caused by weights. Magnetic 

damper described a piece of copper is mounted on the Torsional Thrust Stand's swing arm; the 

two sides are attached with two magnets to create eddy currents (Eddy currents) in motion. 

This creates a force to reduce the fluctuation [46]. Force is estimated by the tilt angle for a 

given weight such as: 

 

Fig. 5.13 Experiment Torsional Thrust Stand 

𝛥𝑥 = |𝑥1 − 𝑥2| = 𝐿𝑠 𝑡𝑎𝑛 𝜃  (5. 2) 

 

𝜃 =
𝑀

𝑘𝜃
=

𝑚𝑔𝐿𝑤

𝑘𝜃
 

(5. 3) 

   Where Ls is distance from center to sensor, Lw is distance from center to weight.  Fig. 5.14 is 

a graph showing the theoretical calculated values and experimental results.  As can be seen 

from the iconic equation, the measured value increases linearly with the input current.  It was 

confirmed that force measurement is possible at sub mN level with the manufactured 

electromagnetic coil type thrust generator. 
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Fig. 5.14  Compare displacement measurement  

5.5 Calibration of DC-powered Electrostatic Fin  

   For calibration DC-powered Electrostatic Fin we use a micro balance. When the voltage 

applied to the Fin changes the value of the displayed weight so we can find value of force 

between 2 Fins. It is a principle of generating a force by a potential difference applied between 

the two groups by composing two or more thin pins into two bail groups.  The force generated 

at this time is theoretically calculated by the following equation: 

𝐹 = 2𝑛𝜀0
𝑉2 [2,2464 −

𝑐 + 𝑔

𝜋𝑥0
] 

 

 (5. 4) 
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Fig. 5.15  Experiment DC- Electrostatic Fin 

   Fig 5.16 is showing the value of the load measured using the thrust measurement device. This 

result is the result of the experiment under normal pressure, and it is a load measurement test 

against torsional motion, so it is judged that there will be no significant difference in the 

experiment under vacuum.  As shown in the graph, the experimental results show a similar 

trend to the values calculated by the above theoretical formula.  As the potential difference 

increases from 100 V to 2000 V for the pin arrangement used. It was confirmed that the 

magnitude of the generated force increased from 12.3 nN to 7 mN.  In the case of the electric 

pin type, the number and size of the pins are limited, so the magnitude of the force is mainly 

determined by controlling the voltage. 
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Fig. 5.16 Comparision of force measument  

   In the case of a tens watt class ion thruster, considering that the thrust is at the level of 1 mN, 

it can be seen that the gong electric pin type thrust measuring device is at the level that can be 

used. 

5.6 Summary 

   Research has shown that the engine shell (made of metal) increases the divergence angle of 

the ion beam. This effect is greater if the angle of divergence produced is smaller so to minimize 

this effect we propose to fabricate engine cover part close to grid with molybdenum ceramic 

or alumina ceramic. In addition, when determining the divergence angle by Faraday probe the 

morphology of the ion beam tended to differ from that of the ion beam produced by the engines 

in other studies. This is caused because the axis of the RF coil deviates from the axis of the 

discharge chamber by an angle of 13.24. Although there are no exact studies on the effects of 

this phenomenon, it can be surmised that this could reduce engine thrust or change the angle 

of thrust. So to solve this situation we propose a fixed holder for RF wire. Although the research 

is limited to experimental and experimental model with Argon propellant, it can be applied to 

other engine design. Experimental testing on RPA probe has been carried out, but the number 

0
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of times of testing is limited, so in the future the test will be continued to measure at different 

positions. Calibration for DC-powered Electrostatic Fin have been done. It was confirmed that 

the magnitude of the generated force increased from 12.3 nN to 7 mN 

Chapter 6.  Conclusion and Future Work 

6.1 Conclusion 

   The efficiency of the RF ion thrusters is fundamentally divided according to the 

characteristics of the RF vibration isolators. Therefore, to analyze the efficiency of the RF ion 

thrusters, we are developing a theoretical analysis tool based on the RF discharge analysis. In 

the last year the level of usable code development was completed, and this year the theoretical 

benefit tool was developed based on the GUI to make it more intuitive and convenient to use. 

The calculated results obtained from our improved analytical model have been compared with 

the experimental results for both the RF ion thrusters ESA-XX with a diameter of 26 cm and 

the RIM-4 with a diameter of 4 cm. 

  This thesis also includes measuring system development such as Faraday probe, RPA probe, 

Torsional Thrust Stand. The Faraday Probe System comprising the Faraday cup head and the 

travel system was developed and completed. Several measurement results when changing the 

position of the Faraday cup probe and RF power and mass flow rate were collected. In addition, 

when determining the divergence angle by Faraday probe the morphology of the ion beam 

tended to differ from that of the ion beam produced by the engines in other studies. This is 

caused because the axis of the RF coil deviates from the axis of the discharge chamber by an 

angle of 13.24. Although there are no exact studies on the effects of this phenomenon, it can 

be surmised that this could reduce engine thrust or change the angle of thrust. So, to solve this 

situation we propose a fixed holder for RF wire. Although the research is limited to 

experimental and experimental model with Argon propellant, it can be applied to other engine 
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design. Research has shown that the engine shell (made of metal) increases the divergence 

angle of the ion beam. This effect is greater if the angle of divergence produced is smaller so 

to minimize this effect, we propose to fabricate engine cover part close to mesh with 

molybdenum ceramic or alumina ceramic. RPA Probe system is designed and developed at 

ARRL lab. The system is tested in a vacuum chamber at a pressure of approximately 6 x 10-6 

Torr. The design and experiment of the Torsional Thrust Stand balance capable of nano-

Newton level resolution were presented. This thesis focused on the development of a 

noncontact electromagnetic calibration technique. The experimental results also show that 

there is not much difference from theoretical calculation and can be fully applied to measure 

the force for iU-50 thrust. 

6.2 Future work 

   The further works may include the following: 

• Development and manufacture travel system 3 axis for RPA probe and Faraday probe 

• Experiment of Torsional Thrust Stand in vacuum chamber. 
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