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DESIGN AND OPTIMIZATION OF AN ELECTRON CYCLOTRON RESONANCE 
THRUSTER 

 
 

Austen Jacob Thomas, M.S. 
 

Western Michigan University, 2022 
 

 

Presented in this work is the process in the design and optimization of a coaxial electron 

cyclotron resonance thruster. Electron cyclotron resonance thrusters are novel microwave-based 

thrusters which possess select technological advantages over mature electric propulsion concepts 

such as being electrodeless and only requiring a single power source. The thruster constructed in 

this work is a coaxial configuration and is termed the Western electron cyclotron resonance 

thruster.  Thruster dimensions were optimized based on past experimentation completed with ECR 

thrusters. In an attempt to enhance the microwave plasma coupling of the coaxial thruster design 

three different antenna configurations were considered: a monopole as used in previous studies, a 

ring antenna, and a helical antenna. Only the monopole and helical antenna went through 

experimental verification. 

The characterization of the thruster was completed at Western Michigan University 

through a series of experiments and is presented here. These include the use of a variety of plasma 

diagnostic equipment consisting of a Langmuir probe, Faraday cup, and a retarding potential 

analyzer. The experiments allow the plasma properties and performance metrics such as thrust, 

specific impulse, and thruster efficiencies to be calculated. The thruster displayed performance on 

par with other first design iterations of electron cyclotron resonance thrusters; although, it did not 



 

  

reach the maximum performance obtained from more recent designs. From results obtained during 

experiments on the initial thruster design, a second thruster design was developed with select 

changes and improvements. Future investigations may include studies on microwave plasma 

coupling and magnetic nozzle physics. It is believed that electron cyclotron resonance thrusters 

possess the capability to play a significant role in the space industry and aid in its future 

development.
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Space exploration and the space industry has been rapidly expanding over the past decade 

with increasing satellite launches every year. Historically space propulsion systems have relied on 

chemical propulsion to achieve the necessary maneuvers. Over time satellite propulsion systems 

have become increasingly more reliant on electric propulsion (EP) over chemical propulsion for 

in space applications. EP is a class of space propulsion utilizing electrical energy to generate thrust.  

The concept of using electrical energy to accelerate a propellant has been around since the early 

1900’s pioneered by famed scientists Robert Goddard and Konstantin Tsiolkovsky. Interest in EP 

devices became more relevant in the 1950’s but was outpaced by chemical propulsion because of 

low thrust capabilities and technical requirements [1]. Significant developments were made in the 

1990’s allowing for EP devices to make substantial technological growth including the launch of 

the Xenon Ion Propulsion System (XIPS) and NASA Solar Electric Propulsion Technology 

Applications Readiness (NSTAR) ion thruster [2]. These developments allowed EP devices to 

become relevant for missions involving low thrust maneuvers.  The devices have become capable 

of performing tasks such as spacecraft orientation, orbital shifts, drag combat, and more recently 

as a primary propulsion system for long duration missions.  

Electric and chemical propulsion each operate on the same principle of conservation of 

momentum. To produce a change in velocity and therefore forward motion, mass from the vehicle 

must be accelerated away. The force and therefore thrust T exerted on a spacecraft from ejecting 

propellent is equivalent to the mass of the spacecraft M multiplied by its change in velocity v.  
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𝑇 = 𝑀

𝑑𝑣

𝑑𝑡
 (1.1) 

 

While both classes of propulsion operate on the same principal, EP possesses significant 

advantages over chemical propulsion. A chemical rocket is limited by the energy release available 

within the propellant. Chemical rockets utilize the energy within the molecular bonds by creating 

a chemical reaction releasing the energy through combustion processes. Hot gases are then 

expanded through a nozzle where the thermal energy is converted into directed kinetic energy 

creating a high level of thrust. While chemical rockets can achieve high levels of thrust, they are 

restricted to a specific impulse, Isp, under 500 s. Where Isp is a measure of how efficiently thrust is 

produced for a given amount of propellant.  EP devices however are not limited by the energy 

available in the propellant, but by the power deposited into the propellant. Allowing the Isp to reach 

over 10,000 s and generate high exhaust velocities [2]. To gain an understanding of the 

effectiveness of a propulsion system, equation (1.1) can be used to obtain the Tsiolkovsky Rocket 

Equation. As a propulsion system is operating, it is expelling propellant and the overall spacecraft 

mass is changing as a function of time M(t) = md +mp where md is the delivered mass of the 

spacecraft and mp is the mass of the propellant. The thrust created is equivalent to the time rate of 

change of the momentum of the ejected propellant mass in the opposite direction. 

 
𝑇 = −𝑣௘௫

𝑑𝑚௣

𝑑𝑡
 

(1.2) 

 

Where vex is the exhaust velocity of the propellant. By equating (1.1) and (1.2) the force exerted 

on the spacecraft by the propellent is 

 𝑀
ௗ௩

ௗ௧
=−𝑣௘௫

ௗ௠೛

ௗ௧
 (1.3) 
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Equation (1.3) can be maniupulated and integrated resulting in equation (1.4). 

 
න 𝑑𝑣 = −𝑣௘௫ න

𝑑𝑀

𝑀

௠೏

௠೏శ೘೛

௩೑

௩೔

 
(1.4) 

 

This integration then yields the Tsiolkovsky Rocket Equation. 

 
Δ𝑣 = 𝐼௦௣𝑔଴ln ቆ

𝑚଴

𝑚௙
ቇ 

(1.5) 

 

The Tsiolkovsky equation shows Δ𝑣,  the change in velocity, is only dependent on the mass ratio 

and Isp; therefore, the most effective way to increase a spacecraft Δ𝑣 is by increasing the Isp [2]. Δ𝑣 

describes a spacecrafts ability to perform a particular maneuver or achieve a mission. Missions 

which require a high Δ𝑣 are better suited for EP devices because of their capability of achieving 

high Isp unlike conventional chemical propulsion systems. As an added benefit EP systems also 

carry significantly less propellant than a chemical system, greatly reducing the overall mass. EP 

devices vary in Isp and thrust depending on the methods used to create thrust. A variety of these 

EP classes are discussed in the following section.  

1.2 Electric Propulsion Thrusters Classes 

EP thrusters have typically fallen under three categories electrothermal, electrostatic, and 

electromagnetic. A fourth class of thruster utilizing electromagnetic waves to ionize a gas has 

again gained recent attention and is discussed in section 1.3. Each category relies on different 

methods for ionizing a gas and accelerating the plasma resulting in the generation of thrust. In all 

categories electric power is used to heat or ionize a propellant. As discussed above EP devices 

possess greater exhaust velocities allowing for a high Isp at low thrust levels when compared to 

chemical propulsion. Each category of EP possesses select advantages and disadvantages; some 

devices possess greater Isp at the expense of thrust. While others generate greater levels of thrust 
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at lower Isp.  There are numerous challenges still facing EP which require research. To name a few, 

improvement of Isp in EP devices, small satellite propulsion systems, lifetime of plasma thrusters, 

plasma cathode failures, etc [3]. The following subsections will provide a brief description of the 

above-mentioned classes of EP. 

1.2.1 Electrothermal Propulsion 

Electrothermal thrusters use electrical energy to heat propellant that is subsequently 

expanded through a nozzle. The electrical power delivered to the propellant is accomplished by a 

resistively heated surface, an arc, or by electromagnetic radiation. These devices include 

resistojects and arcjets. In a resistojet, propellant is heated by passing a gas through a resistively 

heated surface such as coils or wires aligned parallel to the flow, prior to entering a nozzle [4]. The 

heated gas is then expanded through the nozzle converting the thermal energy into kinetic energy 

increasing the exhaust velocity, but limits the 𝐼௦௣ to low levels ~ 500 s. An arcjet heats the 

propellant by passing it through a high current arc leading up to a nozzle, where the weakly ionized 

gas is allowed to expand. Plasma effects have little effect on the exhaust velocity because of the 

weakly ionized propellant, limiting the 𝐼௦௣ to less than 700 s [2].  Displayed in Figure 1 are the 

resistojet and arcjet concepts.  

Figure 1: a). Resitojet and b.) Arcjet basic operation and geometry.  

a.) b.) 
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1.2.2 Electrostatic Propulsion 

Electrostatic propulsion accelerates an ionized propellant through the application of 

electrostatic forces.  An electric field is created through the application of a large electric potential 

accelerating the ionized propellant. Magnetic fields can also be applied aiding in the ionization 

process or confinement of the plasma. Two of the primary electrostatic thrusters are gridded ion 

thrusters (GIT) and hall effect thrusters (HET). GIT’s use electrically biased grids to 

electrostaticlly accelerate ions from the plasma. GIT’s posses an arrary of ionization techniques 

including but not limited to electron bombardment and the electron cyclotron resonance (ECR) 

method. GIT’s achieve the highest upper limit of Isp for electric propulsion devices with the 

potential to reach 10,000 s [2]. HET’s utilize a cross field structure to ionize a gas and accelerate 

ions. An electric field is established perpendicular to a magentic field allowing the electrostatic 

acceleration of ions. The magnetic field is used to contain electrons for use in ionizing the injected 

propellant. HET’s posses Isp around ~1200-2500 s  [2].  Illustrated in   Figure 2 are both the GIT 

and HET concepts. 

   Figure 2: a.) Gridded ion thrust and b.) Hall effect thruster basic operation and geometry.  

a.) b.) 
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1.2.3 Electromagnetic Propulsion 

Electromagnetic propulsion utilizes either internal or external magnetic fields with 

electrical currents to accelerate an ionized propellant. An electromagnetic thruster produces thrust 

via the Lorentz force. Two electromagnetic thruster devices are the Magnetoplasmadynamic 

(MPD) thrusters and pulsed plasma thrusters (PPT). MPD thrusters operate most efficiently at high 

power levels generating high thrust and Isp. This is accomplished by the thruster utilizing a high 

current arc to ionize a propellant allowing the Lorentz force to accelerate the ionized propellant. 

A PPT operates by creating a pulsed discharge ionizing a portion of a solid propellant. 

Electromagnetic effects within the pulse then accelerate the ions [2]. Figure 3 displays the PPT 

and MPD thruster concepts.   

Figure 3: a.) Magnetoplasmadynamic thruster and b.)  Pulsed plasma thruster basic operation and geometry.  

1.3 Radio Frequency and Microwave Thrusters  

 As mentioned previously a fourth class of electric propulsion thrusters are wave driven 

thrusters. With recent developments in radio frequency (RF) and microwave (MW) technologies, 

wave driven thrusters have gained increased attention for unique advantages over conventional 

electric propulsion technologies. RF and MW thrusters utilize electromagnetic waves to excite free 

electrons in a neutral gas through numerous methods. Two thruster designs, each utilizing a 

a.) b.) 
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different method for plasma generation, are Helicon plasma thrusters (HPT) and ECR thrusters 

these concepts are illustrated below in Figure 4. 

Figure 4: a.) Helicon plasma thruster and b.) electron cyclotron resonance thruster basic operation and geometry.  

The most substantial benefit of this thruster class is the absence of electrodes. Conventional EP 

technologies all require some use of electrodes to ionize or accelerate a plasma. Increasing the 

power deposited into the plasma in thrusters such as GITs and HETs leads to an increase in erosion 

and early failure of the electrodes. HPT and ECR thrusters eliminate the need for electrodes using 

instead electromagnetic waves to generate the plasma. This increases the lifetime of these thruster 

concepts. The elimination of electrodes also adds the capability of using alternative propellants 

such as molecular gases without the risk of contamination of electrodes. Additionally, HPT and 

ECR thruster configurations only require a single power source in the form of RF or MW power 

in some cases.    

1.4 Motivation 

As EP technologies continue to advance, they become more applicable to a variety of 

space-based applications. New technologies and thruster designs will continue to be developed 

offering potential benefits compared to mature technologies such as HETs and GITs. One such 

device is ECR thrusters; these devices are electrodeless magnetic nozzle thrusters utilizing both 

a.) b.) 
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electric and magnetic fields to accelerate a plasma. Currently, ECR thrusters are at an early 

technology readiness level (TRL). The physics are not well understood in some aspects, but 

working prototypes have are being developed and tested. Wave driven thrusters such as ECR 

thrusters have not been capable of matching the performance and efficiencies that are possible in 

the more mature technologies. If substantial improvements in performance can be made ECR 

thrusters offer potential advantages mature electric propulsion technologies do not possess. A list 

is presented below: [5] 

 Lower reoccurring cost per unit 

 Higher reliability 

 Longer lifetime 

 Magnetic thrust vectoring 

 Ambipolar acceleration  

 Completely compatible with all propellants 

 Electrically neutral plume 

 Few components  

 Scalability  

The focus of this thesis is the design of a small-scale low power ECR thruster capable of 

efficiencies on par with first iteration designs and possibly to exceed those limits. Additionally, 

the ECR thruster constructed in this thesis will add to the database available for information on 

ECR thrusters. These thruster concepts require significant improvements if they are to play a role 

in space propulsion applications; this work will aid in that endeavor.   
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1.5 Thesis Outline 

The contents of this thesis are organized as follows. Chapter 2 discusses the physics and 

operating principles of an ECR thruster. Chapter 3 presents the thruster design based on the physics 

and operating principles presented in Chapter 2, along with past experimental results. Chapter 4 

discusses the facilities and experimental setup used in characterizing the thruster design, including 

the vacuum system, plasma diagnostic equipment, microwave, and gas flow set-ups. Chapter 5 

discusses the experimental results obtained with a series of plasma diagnostics and a discussion of 

the results obtained. Chapter 5 also discusses the optimized second thruster design based on the 

results obtained from the initial concept. Chapter 6 concludes the study with a summary of the 

work completed and potential future work.  

 

 

 

 

 

 

 

 



 

10 
 

CHAPTER 2 

PHYSICS AND OPERATING PRINCIPLE  

2.1 Plasma 

Plasma is a quasi-neutral gas consisting of charged and neutral particles that exhibits 

collective behavior and is affected by electrostatic and magnetic forces. The composition of plasma 

provides it the ability to be manipulated, making it useful in EP devices. Numerous methods are 

available for generating plasma. The most common methods are electron bombardment, high 

current arc discharge, and wave driven discharges. Electron bombardment consists of high energy 

collisions constantly freeing bound electrons from neutral atoms creating more free electrons. A 

single ionizing collision results in two negatively charged electrons and a positively charged ion 

generating the plasma. An arc discharge plasma is formed by flowing electric current through a 

neutral gas. This typically occurs by applying a voltage between an anode and cathode creating a 

high current electric arc. Wave driven discharges can be generated by RF or MW electromagnetic 

waves. An RF plasma can be created by RF currents being circulated through either an antenna or 

coil. The RF current in the coil or antenna induces a time varying magnetic field which in turn 

creates a time varying electric field capable of accelerating free electrons creating collisional 

ionization generating the plasma [2]. Finally, a common method for generating a microwave 

plasma is by ECR. Presented in this work is a wave driven ECR plasma thruster, this method of 

plasma generation is discussed in the following section. 

2.2 Electron Cyclotron Resonance  

ECR is the phenomena where electrons are continually heated through electromagnetic 

wave coupling within a static magnetic field. As electrons are heated, they continually gain 

gyrokinetic energy as they rotate around magnetic field lines. The increase in energy leads to high 
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energy collisions of charged particles producing the ionized gas. Electrons gyrate around the 

magnetic field lines with a frequency 𝜔௖௘ where e is the elementary charge, me is the mass of an 

electron, and B is the magnetic field strength.  

 
𝜔௖௘ =

𝑒𝐵

𝑚௘
 

(2.1) 

 

The ECR region is established when the electron cyclotron frequency coincides with the 

electromagnetic wave frequency 𝜔௥௙.  A microwave frequency of 2.45 GHz would correspond to 

a magnetic field strength of 875 G. 

 𝜔௖௘ = 𝜔௥௙ (2.2) 

When the frequencies coincide, the electrons are heated, absorbing the microwave power allowing 

the electrons to attain high energies making them ideal for ionization of an injected neutral gas. 

Electrons rotate around field lines in a right-hand manner as illustrated in Figure 5. When the 

electrons are in phase with the impinging microwaves, the electrons see a continual steady electric 

field over multiple rotations. This results in the efficient heating of electrons. In order for the 

continuous heating throughout the entire orbit of the electron to take place the impinging wave 

must be a right hand circularly polarized (RHCP) wave.   

Figure 5: Electron rotating around a magnetic field line while being heated by a RHCP wave through ECR. 
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The heating of electrons in a non-uniform magnetic field occurs over a finite region as the field is 

consistently changing. Over the majority of an electron’s path 𝜔௖௘ ≠ 𝜔௥௙ in this region the energy 

of the electron oscillates for the electron cyclotron frequency is not in phase with the 

electromagnetic wave frequency. The change of an electron’s energy as it moves through an ECR 

region is shown in Figure 6.  

Figure 6: Energy gain and oscillation of an electron as it passes through a non-uniform magnetic field and ECR region. 

Where Δzres is the thickness of the resonance region expressed by equation (2.3) and is the region 

of the greatest energy gain by an electron. The average energy gained by an electron, W, as it 

passes an ECR layer is shown by equation (2.4) where 𝑣 is the parallel velocity of electrons as 

they pass through the ECR region a E is the magnitude of the electric field. The average energy 

gained by an electron must exceed the ionization potential for ionization to occur.  

 
∆𝑧௘௥௖ = (

2𝜋𝑣

𝜔|𝛼|
)ଵ/ଶ 

(2.3) 

 



 

13 
 

 
𝑊 =

𝜋𝑒ଶ𝐸ଶ

𝑚௘𝜔|𝛼|𝑣
 

(2.4) 

 

 
𝛼 =

1

𝐵௥௘௦
(
𝑑𝐵

𝑑𝑧
)௥௘௦ 

(2.5) 

 

Observing the above equations, the energy gained by an electron can be optimized. First, equation 

(2.5) 𝛼, is proportional to the magnetic field gradient and by creating a gradient that is low near 

the resonance zone the residence time of an electron inside the ECR region is increased. Second, 

improving the coupling of microwaves into the plasma cavity. To understand how waves propagate 

through a plasma a relationship between the frequency 𝜔 and wave number k known as the 

dispersion relation is helpful and is shown by equation (2.6). This relation describes when waves 

will and will not propagate through a plasma where 𝜇଴ is magnetic permeability of free space and 

𝜀଴ is the electric permittivity of free space.  

In wave driven thrusters such as ECR thrusters, electromagnetic waves propagate in the direction 

parallel to the magnetic field. Only one type of wave is of great importance in ECR thrusters, right-

hand polarized waves. Its dispersion relation tells when this wave will propagate and when it will 

be cutoff.  The operation of ECR sources relies on the absorption and propagation of microwaves 

through a magnetized plasma [6]. For the propagation of waves in a cold plasma aligned with the 

magnetic field the dispersion relation can be separated into a right-hand polarized mode R and left-

hand polarized mode L.  

 
𝑛ଶ = 𝑅 = 1 +

𝑓௣௘
ଶ

𝑓ଶ
/[

𝑓௖௘𝑘||

𝑓𝑘
− 1] 

(2.7) 

 

 𝑘ଶ𝐸 + 𝜔ଶ𝜇଴𝜀଴𝐸 = 0 (2.6) 
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𝑛ଶ = 𝐿 = 1 −

𝑓௣௘
ଶ

𝑓ଶ
/[

𝑓௖௘𝑘||

𝑓𝑘
+ 1] 

(2.8) 

 

Each mode is equivalent to 𝑛ଶ, the index of refraction of the wave where 𝑛 =
௖௞

ఠ
,  c is the speed of 

light and ω is the frequency. At the electron cyclotron frequency, the right-hand polarized mode 

has a resonance where the power is effectively coupled to the electrons making it the preferred 

mode for an ECR source [6]. The RHCP mode occurs where the ECR condition can be satisfied 

for 
௙೎೐

௙
= 1, resulting in 𝑛 → ∞ and the resonant absorption of microwaves. The left-hand polarized 

mode is cutoff and does not exist in the region of interest and will not have a strong interaction 

with the electrons [6]. Only RHCP waves are considered in the production of a ECR plasma.   

2.3 Magnetic Nozzle   

A magnetic nozzle is a magnetic field configuration used to convert the thermal energy of 

a plasma into directed kinetic energy producing thrust. A comparison can be drawn to the De Laval 

nozzle used in chemical propulsion. In a conventional nozzle, energy is converted from thermal 

energy to kinetic energy through the convergent-divergent geometry of the nozzle allowing the 

heated gas to expand supersonically. Through conservation of momentum the heated gas pushes 

against the walls of the nozzles as it exits producing thrust.  In a magnetic nozzle, the momentum 

from the accelerated plasma is transferred to the magnetic circuit [7]. A magnetic nozzle consists 

of a diverging magnetic field topology of half a magnetic mirror created by either permanent or 

electromagnets. Charged particles within the magnetic nozzle become trapped on the field lines if 

efficiently magnetized allowing their acceleration along the diverging section of the nozzle. 

Magnetic nozzles offer distinct benefits when compared to a physical nozzle. The most 

significant being the contactless handling of the plasma through the magnetic shielding of the 
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device reducing erosion leading to longer lifetimes and increased efficiencies. Magnetic nozzles 

are also highly adaptable when electromagnets are employed. The magnetic field topology can be 

changed in flight allowing different operational modes, such as high Isp and low thrust or high 

thrust and low Isp. Thrust vectoring is facilitated by the adaptability of a magnetic nozzle. 

Additionally, a magnetic nozzle is highly scalable. The operating principles of magnetic nozzles 

allow the scalability with power, size, and mass flow rate covering numerous uses [8].  

   The physics of plasma flow within a magnetic nozzle is complex and requires extensive 

study. The basic operation of a magnetic nozzle is as follows. A magnetic field formed by either 

permanent magnets or electromagnets generates a converging diverging magnetic field 

configuration. A plasma can be created in the upstream portion of the magnetic nozzle where the 

field is strong enough to fully magnetize the charged particles. The electrons can be magnetized at 

a much lower field strength than the ions. If only the electrons are magnetized, they are now 

attached to the field lines and follow the expanding magnetic field geometry, while ions can move 

freely. Plasma expansion initially occurs as a result of an existing electron pressure gradient and 

magnetic thrust. As electrons expand out, a space charge separation occurs between the electrons 

and ions possibly forming an electric field. This field allows the axial acceleration of ions 

downstream while also confining electrons upstream. Only a small portion of the higher energy 

electrons can make the potential jump following the ion beam [9]. The end result is the transfer of 

internal energy into thrust. The basic operation of a magnetic nozzle can be seen below in Figure 
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7. It is important to note magnetic forces do not exert work or supply energy to the plasma but 

enable the transformation of energy from one form to another.  

Figure 7: Basic operation and expansion of a plasma within a magnetic nozzle for use in electric propulsion. 

The transfer of energy is driven by the magnetic thrust Fm and is described by equation 

(2.9).  

 𝐹௠ =  −𝜇∇||𝐵 (2.9) 

 

 
𝜇 = 𝐼𝐴 =

𝑚𝑣ୄ
ଶ

2𝐵
 

(2.10) 

 

where µ is the magnetic moment and is invariant [2]. Therefore, µ must remain constant. Looking 

at equation (2.10), as the magnetic field deceases the perpendicular velocity v⊥ must also decrease 

in order for 𝜇 to remain constant. The total kinetic energy described by equation (2.11) gives 

insight into the exchange of energy occurring within the magnetic nozzle. The magnetic field can 

only act as a mechanism for converting energy from one form to another.  

 
𝐾௧௢௧௔௟ = 𝐾ୄ + 𝐾|| =

𝑚𝑣ୄ
ଶ

2
+

𝑚𝑣||
ଶ

2
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

(2.11) 

 

From equation (2.10) and (2.11) the parallel velocity of an electron, 𝑣||, can be found with 
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𝑣|| =  ට𝑣௧௢௧௔௟

ଶ − 2𝜇𝐵/𝑚 
(2.12) 

 

The above equation describes the motion of a particle as it traverses between regions of high 

magnetic field strength to low field strength. In order for the magnetic moment to remain constant 

as the particle sees an increasing magnetic field, 𝑣|| must decrease and vice versa [2,10]. It is this 

parallel force resulting from the interaction of the magnetic moment created from the cyclotron 

motion of the particle and applied magnetic field which leads to the force seen in equation (2.9).  

2.4 Plasma Acceleration and Detachment  

Briefly mentioned in the previous section, the acceleration of the plasma is driven by an 

electric field, either in the form of an ambipolar electric field or double layers. An ambipolar 

electric field is an electric field where the length scales are on the order of the characteristic length 

of the device under test. While the length scale of a double layer is on the order of the Debye 

length. These fields form because of the higher mobility of electrons compared to ions. As a result 

of electrons being more mobile, an electron pressure gradient is established. The pressure gradient 

is formed ahead of the less mobile ions causing the electrons to flow downstream creating a space 

charge separation where the electron thermal energy is converted to directed longitudinal kinetic 

energy. The electric field created between the electrons and ions forms in order to maintain the 

quasi-neutrality of the plasma.  

In order to produce thrust the plasma must detach from the field lines.  The electrons inside 

of the thruster can be divided into three different populations. Free electrons, trapped electrons, 

and confined electrons. Electrons which have enough energy to detach from the magnetic nozzle 

field are termed free electrons. Trapped electrons are those that bounce back and forth at some 

point downstream in the magnetic nozzle and can possibly cause collisional ionization. Similar to 
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trapped electrons are reflected electrons that do not have enough energy to pass the potential barrier 

and are reflected back into the thruster. However, reflected electrons may pass through the ECR 

region a second time gaining enough energy to detach [11].  If the plasma does not detach, thrust 

will not be generated and the spacecraft will negatively charge.  

Three classes of plasma detachment exist: collisional, collisionless, and magnetic 

reconnection detachment [10]. Each class offers a distinct possible method for how plasma is 

detached from the field of a magnetic nozzle. Collisional detachment is achieved through 

collisional effects of the particles within the plasma forcing the plasma to become detached. 

Collisionless detachment involves the detachment through the demagnetization of the charged 

species without the need for collisional phenomena. Lastly, magnetic reconnection is the 

detachment through the creation of an entirely new magnetic field configuration.   The following 

discusses the individual methods of each class of detachment which could possibly achieve plasma 

detachment.  

Collisional detachment can be accomplished through either resistive diffusion or 

recombination. Detachment through resistive diffusion occurs through cross field diffusion in the 

plasma resulting from the collision of particles within the field. The measure of cross field 

diffusion occurring in a magnetic nozzle can be determined by the magnetic Reynolds number 

𝑅𝑒௠ = 𝑈𝐿/𝜂. Where U is the velocity, L is the length, and 𝜂 is the magnetic diffusivity. A high 

Rem >1000 is needed to confine the plasma but intermediate to low values 1<Rem <1000 is required 

for detachment to occur [10]. Therefore, resistive detachment possesses conflicting requirements 

for the successful operation of a magnetic nozzle. The second method by which collisional 

detachment could possibly occur is by magnetic recombination. Recombination detachment occurs 

by the creation of neutral particles through the recombination of charged species. After the charge 
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particles have recombined, they are free to travel unaffected by the magnetic nozzle field. The base 

requirement of this method is a high electron collision frequency νei, otherwise this method has 

little influence on plasma detachment [9,10].     

The second class of plasma detachment is collisionless detachment and possibly occurs 

through loss of adiabaticity, inertia detachment, and induced field detachment. Loss of adiabaticity 

is a detachment mechanism where the plasma becomes detached by becoming demagnetized. This 

method requires not only one but both species to become demagnetized. Demagnetization of a 

single species is known as inertial detachment and is the second method of collisionless 

detachment. Here when a single species detaches from the magnetic field an electric field is 

established allowing neutrality to be maintained. Inertial detachment ensues when a system of 

particles possesses enough inertia to overcome the present magnetic forces [10,12]. The last 

method for collisionless detachment is induced field detachment. Detachment through this method 

is achieved by magnetic field stretching or by canceling out the applied fields, leading the plasma 

to become demagnetized. Magnetic field stretching occurs when the plasma kinetic energy exceeds 

that of the magnetic energy. The high energy plasma pulls the magnetic field as it expands 

deforming and stretching it. This results in the magnetic field lines being dragged to infinity where 

the plasma essentially does not have to detach from the field [9,10,12,13]. 

The final possible class of plasma detachment is magnetic reconnection detachment. 

Magnetic reconnection can be described as the processes leading to the breaking and reconnecting 

of oppositely directed field lines in a plasma resulting in magnetic field energy being converted to 

kinetic and thermal energy. This phenomenon has been observed in a variety of circumstances 

including Tokamak fusion reactors and celestial objects. The breaking and reconnecting of field 

lines is caused by the diffusion of plasma across the field lines leading to a new lower energy field 
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configuration that was previously not possible [10]. The basic process by which magnetic 

reconnection may occur is as follows. An initial field consisting of two magnetic field lines has 

some finite amount of cross field plasma diffusion.  This diffusion leads to the subsequent tearing 

of the magnetic field lines creating a new lower energy configuration. The new lower energy 

configuration is dependent on the strength and direction of the induced field which is created by 

the induced currents. The new configuration can either be diamagnetic or paramagnetic. 

Diamagnetic fields are especially interesting because the interaction between the applied and 

induced field currents leads to a repulsive force producing thrust [10]. It is important to note that 

it may not be a single method which leads to the detachment of the plasma but a combination of 

all possible methods. Plasma detachment is complex but important for understanding the operation 

of magnetic nozzle thrusters. One of the primary features of ECR thrusters is the magnetic nozzle 

and it is important to have a basic understanding of the mechanisms in magnetic nozzles to ensure 

the efficient design and operation of the thruster.  
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CHAPTER 3 

ECR THRUSTER DESIGN 

3.1 Design Overview 

In the previous chapter the physics underlying the generation and acceleration of a plasma 

in an ECR thruster was discussed. With an understanding of the physics behind the operation of 

the thruster, design choices can be made based upon these principles. The ECR thruster designed 

at Western Michigan University is based on the coaxial ECR thruster developed at ONERA [5]. 

The Western Electron Cyclotron Resonance (WECR) thruster is intended to be a small-scale low 

power thruster which can be studied at the university level. ECR thrusters are simple devices 

consisting of relatively few components. The external structure makes up the discharge chamber, 

front casing, and back casings. While the internal components consist of the microwave antenna, 

permanent magnet(s), and ceramic backplate. The dimensions of the WECR thruster are listed in 

Table 1 below. The inner conductor making up the antenna consists of a variety of different 

configurations all with a diameter of 0.08” (2 mm). These components are labeled in the CAD 

model displayed in Figure 8 below.  

Table 1: WECR thruster dimensions. 

WECR Thruster Feature Dimension 

Source chamber length 0.9” (22.86 mm) 

Source chamber diameter 1” (25.4 mm) 

Antenna diameter 0.078” (2 mm) 

Front & back casing diameter 3” (76.2 mm) 

Magnet casing diameter 2” (50.8 mm) 
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Figure 8: WECR thruster base design CAD model 1” source chamber diameter, 0.9” source chamber length, and 0.078” inner 
conductor diameter.  

The external structure was fabricated from Aluminum 6061 while the antenna 

configuration consists of 110 copper attached to a Sub-Miniature Version A (SMA) connector 

placed in the radial center. Neodymium ring magnets are used to form the magnetic field creating 

the magnetic nozzle. To separate the more sensitive internal components from the plasma formed 

in the source chamber a ceramic back plate made of alumina is located in front of the microwave 

connector surrounding the antenna. As stated, the thruster operates on the ECR principle. The 

resonance region is created within the thruster cavity by microwave power being introduced at 

2.45 GHz and a diverging magnetic field established by the permanent magnets. The fully 

assembled WECR thruster can be seen in Figure 9 mounted for testing.   
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Figure 9: Assembled WECR thruster in vacuum chamber for testing. 

The permanent magnets form the fields necessary for both the ECR region and the 

magnetic nozzle where plasma expansion occurs. In an attempt to optimize the thruster design, 

focus is placed on antenna geometry and magnetic field configuration. The intention is to improve 

upon microwave plasma coupling and overall thruster efficiency through changes in the above-

mentioned design features. In order to achieve an efficient design, multiphysics simulations along 

with previous research conducted into small scale ECR thrusters was used to validate all design 

decisions. Initial two-dimensional COMSOL simulations were used as a starting point to test 

variations of antenna geometry and magnetic field configurations. The following sections cover 

the design of each major component or feature of the thruster including external structure, antenna 

geometry, gas injection method, magnetic field configuration, and the ECR source region.  

3.2 External Structure   

The external structure consists of three components: the source chamber, front casing, and 

back casing. The dimensions of the external structure and source chamber were chosen based on 

its small-scale design and previous work completed by researchers at ONERA [14, 15].  These 
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investigations showed the effect of altering geometry on the performance of the thruster. In the 

first study, Cannat et al. [14] created an analytic model and compared the output to experimental 

results for two different source chamber internal diameters of 13 mm and 27 mm. This study 

showed a larger diameter source chamber would result in an increase in ion beam current at the 

same flow rate, while at a lower power. Additionally, the pressure inside the thruster has significant 

impact on electron temperature. A thruster configuration with a larger source diameter will have a 

lower pressure in the source chamber, and therefore lower neutral density. A lower neutral density 

results in a decreased collision rate and leads to an increase in electron temperature which is 

favorable for thruster performance. With this in mind a source diameter of 1” (25.4 mm) was 

chosen for the WECR thruster. While an even larger diameter may have further increased the 

performance of the thruster, the WECR thruster is a small-scale design. The thruster design is 

considered small scale for its dimensions are less than the wavelength which it operates.   For the 

case of the WECR thruster operating at 2.45 GHz this is under 4.8” (12.2 cm).  

In a second study, Vialis et al [15] investigated geometric changes to both the internal and 

external structure of a 27.5 mm diameter ECR thruster. It was shown that Isp increased with 

increasing length of the source chamber. The results from this study are illustrated in Figure 10, 

where three source chamber lengths 10 mm, 15 mm, and 20 mm were tested. The effect of varying 

the ratio of flow rate to microwave power on Isp is shown. At lower ratios of flow rate to input 

power, Qm/P, a larger source length results in greater Isp; however, as the ratio is increased, a 

smaller difference between the source lengths of 15 mm and 20 mm occurs. The lack of 

performance of the shorter chamber could be a consequence of a fraction of the propellant not 

being ionized before expanding out of the source chamber. 
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Figure 10: Isp with changing Qm/P for the three different source chamber lengths performed with an Inner conductor 
diameter = 1.7 mm and length =20 mm [15]. 

Additionally, a longer source length resulted in higher angular current density 

measurements, as shown in Figure 11 [15]. The longer source chamber led to an increase in neutral 

gas density and therefore a greater number of ionizing collisions. However, this also decreases the 

ion energy for increased pressure inside the source chamber. Increasing the source length has an 

advantage on total ion current, but a disadvantage for obtaining higher ion energies. However, a 

longer source produces the greatest Isp, even though a drop in ion energy occurs. Taking this into 

account, a length of 0.9” (22.86) mm for the source chamber was chosen for the WECR thruster.  

Figure 11: Ion current density measurements of three different source lengths at 0.8 mg/s and 30 W [15].  
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3.3 Antenna Design 

The configuration of the antenna plays an important role in the coupling of microwaves to 

the plasma. Various antenna designs were investigated including straight rod, ring, and helical 

antenna. The first configuration, the straight rod is essentially a monopole antenna and will 

produce linearly polarized waves. This geometry has been used in all previous testing of coaxial 

ECR thrusters to date. The second configuration is a straight rod with the addition of a ring to the 

end. This design was used for a study in micro ECR ion thrusters and showed improved 

performance [16]. The performance of this design will be entirely different in the case of the ECR 

thruster because of a different magnetic field topology. The final configuration is a helical antenna. 

A helical antenna coiled in the correct direction will produce right hand polarized waves which is 

expected to most successfully heat the electrons. More care was put into this design for numerous 

factors effect its performance, including its crcumference, pitch, and aspect ratio of the antenna. 

These parameters where choosen caefully to allow the helical antena to perform optimally. The 

following equations are used to calculate pitch,  𝛼, impeadence, Z0, and aspect ratio, AR, where S 

is the vertical spacing between coils, C is the circumference, λ is the wavelength, and N is the 

number of coil turns.     

 
𝛼 = 𝑡𝑎𝑛ିଵ(

𝑆

𝐶
) 

(3.1) 
 

 
𝑍଴ = 140

𝐶

𝜆
 

(3.2) 

             𝐴𝑅 =
2𝑁 + 1

2𝑁
 

(3.3) 
 

To note a quality antenna will be resonsant at the desired operating frequency matching the 

impeadence of the microwave circuit. This can be verified using a vector network analyzer (VNA). 

However, the impedance of antenna may be altered once the plasma has been ignited. Changing 
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the amount of transmitted and reflected power to the plasma.  Each of the three confirguations is 

displayed in Figure 12. 

Figure 12: Microwave antenna design configurations.   

As previously mentioned, the study conducted at ONERA on source chamber dimensions 

included an investigation into the internal geometry’s effect on performance metrics. Shown below 

in Figure 13 is the effect from varying the length and diameter of an antenna [15]. The length of 

the antenna appears to have little influence on the performance of the thruster. While the antenna 

diameter has a more significant impact on thruster performance. A greater antenna surface area 

within the ECR region results in a greater potential to deposit power. This could possibly be the 

reason for the increased efficiency seen with increasing diameter. An increase in length of the 

antenna, however, will not affect power deposited into the ECR region; this may only result in 

losses due to a greater surface area. This is because the increased length of the antenna would not 

coincide with the ECR region.    



 

28 
 

Figure 13: Isp of ECR thruster with variations in a.) antenna length showing decreasing Isp with increasing length and b.) antenna 
diameter showing increasing Isp with increasing diameter [15]. 

The antennas used in the WECR thruster all possessed a conductor diameter of 0.04 in for 

effective microwave coupling. Each antenna did vary slightly in length, but as shown from Figure 

13, length has little effect on the performance of the thruster. The length of the antenna 

configurations was determined by the need to make them resonant at a desired frequency. Each 

antenna configuration was analyzed with a nano VNA to confirm resonance at approximately 2.45 

GHz. This allows for a greater impedance match between the microwave circuit and the antenna, 

reducing reflected power and improving microwave plasma coupling.  

To investigate a design’s effectiveness each antenna was simulated in the COMSOL RF 

module allowing a better understanding of the electric field patterns; these patterns are displayed 

in Figure 14.  An antenna design method proposed by Koizumi and Kuninaka showed an effective 

design would produce numerous E x B points where the electric field lines are perpendicular to the 

magnetic field [16]. Knowing the energy gained by an electron as it passes through the ECR region 

from equation (2.4), it is important to coincide the regions of high electric field intensity with that 

of the location of the ECR region.  The magnetic field in the case of an ECR thruster will possess 

a.) b.) 
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a greater axial component. Therefore, to create numerous E x B points the electric field should be 

primarily radial. The below figure shows the effectiveness of an antenna to produce a primally 

radial field pattern.  

Figure 14:COMSOL RF antenna configuration simulations a.) straight rod, b.) ring, and c.) helical displaying electric field pattern. 

The monopole antenna produces the most uniform field patterns with a significant amount 

of field lines perpendicular to the chamber walls and can be beneficial for electron heating. 

Looking at the ring antenna, the addition of the ring to the top of a monopole disrupts the monopole 

field patterns and leads to a large axial component. A strong intensity region is located at the edge 

of the ring; this could be optimal if this region is placed within the ECR region. Lastly, the helical 

antenna shows a similar pattern to the ring antenna but with a smaller axial component. The high 

field intensity regions of the helical antenna are located at the bottom turn and in between the 

individual coils. While the simulations do show the effectiveness of an antenna design based on 

its electric field intensity and pattern, they lack the capability of showing the effect of RHCP 

waves. These simulations were conducted in the presence of a vacuum and as stated the presence 

of a plasma can alter the performance of the antenna. However, the simulations give insight into 

𝐸[𝑉/𝑚] 
a.) b.) c.) 

r [mm] r [mm] r [mm] 

Monopole Ring Helical 
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the electric field patterns formed by each design. Each of the above antenna configurations were 

used in the operation of the WECR thruster. 

3.4 Gas Injection 

The gas injection scheme plays an important role in the overall design of the thruster. In 

this section two propellant injection schemes will be considered, radial and axial injection, as 

shown in Figure 15. In the ECR thruster, plasma ignition occurs when sufficient free electrons gain 

energy from the ECR zone, enabling ionization via collisions. The thruster geometry is also very 

compact and must provide sufficient space for the gas injection, microwave power, and magnet 

configuration. Therefore, an injection scheme must provide numerous free electrons to the ECR 

region and enough available space for essential components. 

Figure 15: ECR thruster gas injection schemes a.) Radial gas injection and b.) axial gas injection. 

Each method for gas injection possesses its own benefit. Radial gas injection allows added 

space in the rear of the thruster providing greater design freedom.  Axial injection guarantees all 

neutral gas will pass through the ECR region but occupies design space. It has been shown that the 

best performance is obtained when gas injection is near the ECR zone. and the thruster would best 

perform when the ECR zone is farthest upstream near the backplate [18]. The WECR thruster 

a.) b.) 
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tested in this work utilized radial gas injection from two locations.  The injection ports possess the 

same diameter as the inner diameter as the gas fittings used to facilitate neutral gas injection.  

Radial injection provides the simplest method for gas injection; however, the low number of 

injection ports resulted in a non-uniform gas distribution.  While axial injection does provide the 

added benefit of utilizing the backplate. In axial injection gas is injected either behind or through 

the backplate. The backplate design then effects how the gas is distributed into the source chamber 

and can provide a more uniform gas distribution. This is done by cutting various patterns into the 

backplate and altering the distribution of the gas through patterns.  

The ignition of the thruster can be a difficult process if the proper procedure is not followed. 

For the plasma to be ignited in the thruster discharge chamber a “puff” of gas must be injected.  

Nominal flow rates consisted of 1-2 SCCM of Xenon or 4-8 SCCM of Argon, but a much higher 

flow rate is needed to ignite the thruster. Ignition of the plasma is achieved through the use of a 

downstream valve labeled in Figure 16. This valve is closed allowing pressure to build up within 

the feed lines. This will temporarily increase the flow rate to high levels allow a large “puff” of 

gas to flow into the thruster source chamber. Initial experiments did not follow this procedure 

leading to failed attempts at igniting the thruster.  
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Figure 16: WECR thruster experimental gas flow setup. 

3.5 Magnetic Field Structure 

The magnetic field structure is one of the most import ant features of an ECR thruster. The 

field forms both the magnetic nozzle allowing the acceleration of the plasma and the ECR region 

which effectively generates the plasma.  As discussed in the previous chapter magnetic nozzles are 

inherently complex and adding the requirement of plasma generation by ECR increases the design 

complexity. The magnetic field of the WECR thruster is formed by a set of strong neodymium 

permeant ring magnets. Each magnet possesses an outer diameter of 2” (50.8mm), an inner 

diameter of 0.5” (12.7mm), and a thickness of 0.25” (6.35 mm).   The selection of permanent 

magnets over an electromagnet was based on the requirement of a single power source and the 

ability to change the position of the ECR zone by adjusting the axial position of the magnets. 

Future designs could provide the capability to either use an additional permanent magnet or an 

electromagnet allowing even more flexibility to study the effect of magnetic field topology on the 

thruster. It is important to note that no data were obtained with the use of a solenoid for the work 

completed in this thesis but is suggested for future experimental investigation. 
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The physics of magnetic nozzles are coupled and improving one feature may negatively 

impact another. Therefore, great care must be used in the design of the magnetic field topology of 

the thruster. The main functions of the magnetic nozzle in an ECR thruster are three-fold.  

 Contain the plasma  

 Accelerate and transfer momentum to produce thrust  

 Aid in the generation of the plasma through ECR 

First addressing plasma containment, radial wall losses are known to be a major loss mechanism 

in ECR thrusters [19]. Thus, to contain the plasma, a high magnetic field strength is preferred. It 

has been demonstrated that ions are accelerated to the walls by a radial electric field produced from 

a radial electron pressure gradient. Mitigation of the radial momentum flux to the wall was 

significantly reduced by increasing the field strength and is thought to be due to the change in the 

plasma profile and changes in the location of the ion acceleration [20, 21]. While increasing the 

magnetic field strength can accomplish the goal of preventing wall losses, this has a negative side 

effect on plasma detachment. An incredibly strong magnetic field makes it difficult for the plasma 

to detach from the field lines leading to the return of charged particles to the spacecraft/thruster 

and no net thrust. Inside the source chamber, it is preferred to have a strong magnetic field to 

preventing loss to the chamber walls; however, the opposite is preferred to aid in the detachment 

of the plasma. The tradeoff between plasma confinement and detachment is chosen based on 

satisfying the desired placement of the ECR region. 

The WECR thruster was designed to operate at a frequency of 2.45 GHz which corresponds 

to an ECR magnetic field strength of 875 G. The position of the ECR region can be adjusted by 

moving the axial location of the permanent magnets within the thruster casings. This also alters 

the strength of the magnetic field within the source chamber. A study investigating the magnetic 
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field topologies in ECR thrusters by varying the axial position of the source chamber inside of an 

electromagnet was used for choosing the optimal position of the ECR region. The study showed 

an ECR condition satisfied near the backplate of the thruster leads to greater current density and 

ion energy compared to an axial position located slightly farther downstream [18]. In the design 

of the WECR thruster, space was made available to move the permanent magnets axially allowing 

the ECR region position to be changed. This allows for selection of the most optimal placement of 

the ECR zone, maximizing performance. The simulated magnetic field profile for the WECR 

thruster is shown in Figure 17 along with the corresponding ECR region. It is desired to possess 

the most axial field configuration, allowing the plasma to expand attached to the field lines out of 

the source chamber. In a permanent magnet configuration radial wall termination is difficult to 

remove.  The field configuration below attempted to reduce radial wall termination to a minimum 

while still placing the ECR region in the desired location.   

Figure 17: COMSOL simulation of a.)  WECR thruster magnetic field configuration and b.) ECR region. 

COMSOL simulations were used to verify the location of the ECR region when changes 

in magnet position, magnet inner diameter, and the number of magnets were made. To form the 

field displayed in Figure 17, two neodymium permanent magnets were placed in the thruster body 

a.) b.) B [G]   
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consecutively with a 10 mm space between the aluminum casing and the magnets. These figures 

display the magnetic field lines in addition to the contours, showing a magnetic nozzle structure 

with an axially decreasing magnetic field strength. This configuration allowed the ECR region to 

be placed both near the back plate and radial gas injection ports. A strong magnetic field exists 

within the chamber while the field strength drops off to a relatively low strength outside of the 

thruster. Measurements shown in Figure 18 were made by a Lakeshore gauss meter at various axial 

positions starting from the back plate to best capture the magnetic field gradient. These 

measurements show relatively good agreement with the COMSOL simulations with about a 2 mm 

difference in position of the ECR region. This difference most likely exists for the simulations 

excludes the radial magnetic field component. This magnetic field configuration was chosen for 

testing of the thruster since it possesses an adequate strength for plasma confinement and an ECR 

region in the desired location.      

Figure 18: Axial magnetic field measurements starting from backplate of WECR thruster. 

 

3.6 ECR Source Region  

The primary principle of this thruster is ECR and to design the most effective thruster it is 

important to look at how to optimize the ECR region since it has significant impact on the overall 

ECR 
region 
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performance of the thruster. The WECR thruster will operate in the transverse electromagnetic 

mode, or TEM mode, in the coaxial line and the quasi-TEM mode in the source chamber [22]. 

TEM modes occur in coaxial lines where the electric and magnetic fields are transverse to the 

direction of wave propagation.  It is important to note the electric and magnetic fields have regions 

of high field strength and low field strength based on the spatial pattern of the TEM mode. It is 

desired that the regions of high field strength coincide with the ECR coupling zones for the most 

optimal heating of the electrons [6].  

As electrons pass through the ECR region, they are heated and gain gyro-kinetic energy, 

making them well suited for ionizing the gas. While ECR is only understood for single particle 

motion, this understanding can still be used to improve upon the performance of the thruster. The 

two primary methods for optimizing the absorption of energy in ECR sources of single particles 

are creating a low magnetic field gradient near the ECR region and improving coupling to the 

plasma. To achieve a small magnetic field gradient within the ECR region, manipulations to the 

magnetic field configuration can be made, including the addition of permanent magnets or 

electromagnets. By doing so the time spent by an electron in the resonance zone will increase and 

the energy imparted to the electron will be increased. The flexible design of the WECR thruster 

enables a variety of magnetic field configurations to be tested, allowing the possibility of a smaller 

gradient to be achieved. To find the desired field gradient, various sizes of permanent magnets 

were simulated. From the simulations the use of two neodymium permanent magnets each with 

the same dimensions a 2” OD, 1/2” ID, and 1/4” thickness would produce the smallest axial 

magnetic field gradient.  

Several approaches were used to improve microwave plasma coupling. First, the antenna 

design method as discussed in section 3.3 was utilized to determine the effectiveness of antenna 
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designs coupled with different magnetic field configurations [16].  COMSOL simulations for each 

antenna were completed to show the effectiveness of each of the configurations. These simulations 

were effective at predicting whether increased performance would be possible with a selected 

antenna. An effective configuration creates numerous E x B points. The perpendicular electric field 

component created by the antenna along with the magnetic field gradient are used as the index of 

design. An effective antenna design places the higher intensity index regions within the ECR zone.  

Figure 19 displays each of the antenna configurations and their effective heating regions 

along with the ECR region represented by the white region. The straight rod or monopole shows 

an effective heating region along its entire length. This results from there being a large 

perpendicular electric field component. The ring antenna does not have the same effective heating 

pattern along the length of the rod. The pattern was disrupted with the addition of the ring which 

changes the electric field, but it does allow for a higher intensity region to exist at a greater radial 

distance when compared to the straight rod. Finally, the helical antenna shows the worst overall 

performance. This is expected because of the lack of flat surfaces. While the helical antenna does 

show the worst expected performance from the standpoint of the antenna design method, this 

method does not account for the effect of RHCP waves effectively heating the electrons. 
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Figure 19: ECR effective heating regions and ECR region (white area) of a.) monopole, b.) ring, and c.) helical.  
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The simulations shown in Figure 19 were used as a baseline for determining the 

effectiveness of each possible antenna configuration. Compared to the simulations conducted by 

Koizumi and Kuninaka [16] for a micro ECR ion thruster the plots here appear to have similar 

trends with some designs have a smaller heating region while others a slightly larger region. 

Overall, this appears to be an effective method for determining antenna performance.  An initial 

experimental investigation showed that the ring antenna was not effective at heating electrons due 

to difficulty in producing plasma and reflected power levels; therefore, it was excluded from 

further experimental characterization.    
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CHAPTER 4 

EXPERIMENTAL SET UP 

 4.1 Facilities and Equipment 

All testing was conducted at Western Michigan University in the Aerospace Laboratory 

for Plasma Experiments (ALPE). The following chapter provides an overview of the facilities, 

diagnostic equipment, and experimental setups used in the testing of the WECR thruster.  

4.1.1 Vacuum Facility 

Electric propulsion devices operate in the vacuum of space and to successfully test such 

devices on the ground a space like environment must be simulated. The WECR thruster was tested 

in a 1–m-diameter by 1.5–m-long cylindrical vacuum chamber at ALPE, as shown in Figure 20. 

This chamber utilizes a CTI-Cyrogenics on-board 250F cryogenic pumping system with a 

pumping capacity of 2,200 l/s of N2 and can achieve a base pressure of 1E-7 Torr. Additionally, a 

Turbovac 1100C turbo pump is used during operation of the thruster to keep operational pressure 

to a reasonable level. All testing was completed at base pressures between 1E-6 – 7E-7 Torr with 

varying operational pressures determined by the operated flow rate, typically 1E-5 – 4E-5 Torr. At 

these pressures the mean free path, 𝜆௠௙௣, is estimated to be between ~ 1 – 7 m. The mean free path 

is a measure of how far a particle will travel before a collision with another particle occurs and can 

be estimated by 𝜆௠௙௣ =
ଵ

√ଶ௡ఙ
. Where n is the number density and 𝜎 is the total collisional cross 

section. Additionally, this parameter can be used to estimate how far a neutral particle will travel 

before an ionizing collision occurs [2]. Other important interactions include electron-neutral, ion-

neutral, and charge exchange collisions. At the above pressures the mean free paths for electron-

neutral collisions are on the order of a 1𝑥10ଶ m. For ion-neutral and charge exchange collisions 



 

41 
 

the mean free path is much lower only around several meters.  These values are estimated based 

on typical collisional cross sections at various energies in noble gases [4]. 

Figure 20: ALPE 1.5 x 1.0 m cylindrical vacuum chamber. 

4.1.2 Gas Feed system  

Neutral gas is injected into the thruster through the gas feed system illustrated in Figure 

16. Compressed gas, typically Xenon or Argon is fed through a pressure regulator reducing the 

pressure to suitable levels and is then controlled by a Alicat flow control capable of 0 – 100 SCCM 

of flow. This allows the effective control of gas to the thruster at the desired flow rate.  For the 

testing conducted in this work Xenon was utilized as the propellant at flow rates ranging between 

0.5 SCCM to 2.0 SCCM. As discussed, it is important to be able to throttle the gas before it is fed 

into the thruster to allow for the successful ignition of the plasma. Once ignition takes place the 

flow rate to the thruster can be adjusted through the operation of the flow control.  
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4.1.3 Microwave System 

The circuit diagram of the microwave power circuit is shown in Figure 21. The initial 

microwave signal is generated by a variable frequency oscillator at a constant frequency of 2.45 

GHz. The signal is then amplified initially through a E-REON pre-amp with a saturated power 

output of 2 W. The signal is then sent to an E-REON PowerBlast 300 amplifier and boosted up to 

300 W of power. A bi-directional coupler is introduced to enable the measurement of both the 

forward and reflected power. The power readings are displayed using a E4419B dual-channel 

power meter coupled with two HP 8484 A power sensors. A double stub tuner is introduced for 

microwave circuit matching to keep the power reflections to a minimum. Lastly, a DC block is 

used to float the thruster from the vacuum chamber. The circuit matching is done individually for 

each antenna design at the beginning of the testing phase. Effective power transmission through 

the circuit is essential for generating and sustaining the plasma at low power levels.  

Figure 21: Microwave circuit diagram utilized in WECR thruster testing.  

4.2 Plasma Diagnostics  

Numerous techniques exist to probe the plume of an EP device, providing an effective way 

to collect data and gather information about the current, potential, temperature, density, energy, 

and particle velocity of a plasma. This information can give insight into the overall performance 

of the thruster. Here, a series of plasma diagnostic equipment is used to characterize the WECR 
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thruster including a Langmuir probe, Faraday cup (FC), and retarding potential analyzer (RPA). 

These diagnostic tools are described in the following sections.  

4.2.1 Langmuir Probe  

 Langmuir probes provide a simple method for analyzing the state of the plasma properties 

in the plume of an EP device. A cylindrical Langmuir probe has been designed to obtain 

measurements of electron density, electron temperature, and plasma potential. Careful 

consideration must be used in the design and fabrication of the probe. All gaps between the probe 

tip and electrode must be eliminated for this can lead to excess collected current. Tungsten was 

used as the probe’s center conductor while alumina was utilized as the insulator. The plasma 

density is expected to be on the order of ~1 x 1015 with expected electron temperatures ranging 

from 15 – 30 eV.  The exposed portion of the probe consisted of a 1/8-in-diameter by 1-in-long 

tungsten wire. The probe was connected to a 2400 Keithley source meter having the capability of 

sourcing ±200 V while measuring up to 100mA. 

Figure 22:Example raw IV trace and fits of raw data from Langmuir probe. 
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To obtain an IV trace the probe is first biased to a large negative potential and when 

emersed in the plasma will attract ions and repel electrons. This region is considered the ion 

saturation region and is described by the equation below:  

 
𝐼௜,௦௔௧ = −exp (−1/2)𝑒𝑛଴𝐴௦ඨ

𝑒𝑇௘

𝑀௜
 

(4.1) 

where 𝑛଴ is the plasma density, 𝐴௦ is the sheath area, 𝑇௘ is the electron temperature,  𝑀௜ is the ion 

mass, e is the elementary charge. The probe is then biased to a large positive potential where it 

will saturate and only collect electron current. The electron saturation current Ie,sat can be estimated 

from equation (4.2) [23]: 

 𝐼௘,௦௔௧ ≈ −323 ∙ 𝐼௜,௦௔௧ (4.2) 

The result of this process will be a curve similar to the graph illustrated in Figure 22 where the IV 

trace and fits of the data are shown.  

As the plasma created by the thruster is magnetized, the recommended orientation for a 

cylindrical probe when nonnegligible fields are exist is perpendicular to the magnetic field of the 

thruster for the most effective surface collection area [23]. The probe is placed at a distance of 175 

mm from the exit of the thruster leading to a field strength of ~15 G while this is not significant 

the probe is still placed in the recommended orientation accounting for any effects. The plasma 

potential, Vp, is found by finding the second derivative of the electron current where Vp occurs at 

the maximum of the derivative. To determine plasma density and electron temperature the electron 

energy distribution function (EEDF), 𝐹(𝜀), can be found through the Druyvesteyn method, which 

is preferred when measurements are made in a magnetized plasma. This method calculates the 

EEDF in the electron retarding region, where there is no electron sheath resulting in the 

dependence on the ratio of probe size to Deybye length to be removed [23]. The EEDF can be 
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found from equation (4.3) and is proportional to the second derivative of the electron current with 

respect to 𝜀 = 𝑉௣ − 𝑉஻. Electron density and electron temperature can then be estimated from 

equations (4.4) and (4.5).  

 
𝐹(𝜀) =

2

𝑒ଶ𝐴௦
(2𝑚௘𝑒𝜀)ଵ/ଶ

𝑑ଶ𝐼௘

𝑑𝜀ଶ
 

(4.3) 
 

 

 𝑛௘ =  ∫ 𝐹(𝜀)𝑑𝜖
ஶ

଴
  (4.4) 

 

 

 𝑇௘ =
ଶ

ଷ௡೐
∫ 𝜀𝐹(𝜀)𝑑𝜖

ஶ

଴
  (4.5) 

 

 These properties give insight into the performance of the WECR thruster. The probe setup and 

orientation for initial testing of the thruster can be seen in Figure 23. 

Figure 23: Langmuir probe experimental setup. 

4.2.2 Faraday Cup 

A Faraday cup (FC) is a diagnostic device used to measure the ion current in the plasma 

plume of an EP device. This is accomplished by biasing the collector of the cup to a negative 

potential, allowing for the collection of ions and repulsion of electrons. A diagram of the FC and 

its components used in the testing of the WECR thruster is illustrated in Figure 24. An FC, unlike 

Thruster 

LP tip 
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a planar probe, is not significantly affected by sheath expansion due to its particular geometry [24, 

25]. FC consists of a hollow cylinder forming the cup, a collimator near the front of the probe with 

the capability of being utilized as a secondary electrode, and an external housing encompassing 

the internal components.  

Figure 24: Faraday cup configuration. 

The FC used in this work consists of a stainless-steel aperture with a ~0.2-in-diameter and 

that is left floating. It has been shown that the addition of a biased electrode placed between the 

collector and point of collimation to improve secondary electron emission (SEE) is not needed 

[24]. SEE is the emission of electrons from a metal surface and can lead to inaccurate current 

measurements. The cup itself made of aluminum 6061 with a 0.7-in-internal diameter and a 1/4-

in-length.  The length of the cup is the primary factor contributing to secondary electron emission 

recollection. The cup length is directly related to the number of secondary electrons being 

recollected by the cup walls [26].  During testing of the FC an applied cup bias is chosen by setting 

a potential that will result in no significant additional current gained by further increasing the bias. 

To complete the angular current density, scan the FC is mounted and placed on rotational motion 

stage. Current measurements are recorded by the Keithley 2400 while sourcing the constant cup 
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bias.  The FC position is swept from -90° to 90° providing the angular current density distribution.  

Shown below in Figure 25 is the setup used in the testing of the WECR thruster to obtain the total 

ion current and mass utilization.   

Figure 25: Faraday cup experimental setup. 

Several thruster parameters can be determined from the FC measurements, with the 

addition of RPA measurements discussed in the following section, that provide significant insight 

into the overall performance of the thruster. The total ion current Ii shown in equation 4.6 can be 

directly determined from the angular ion current density distribution.  

 
𝐼௜ = න 𝐽௜(𝜃)𝜋𝐷ଶsin (𝜃)𝑑𝜃

గ
ଶ

ି
గ
ଶ

 
(4.6) 

 

 
𝑇 = න 𝐽௜(𝜃)

𝑀௜

𝑒
𝑣௜𝜋𝐷ଶsin (𝜃)cos (𝜃)𝑑𝜃

గ
ଶ

ି
గ
ଶ

 
(4.7) 

 

where 𝐽
𝑖
(𝜃) is the angular current density and D is the distance, the probe is from the exit plane of 

the thruster.  Thrust T can also be estimated from the ion current density with the addition of the 

mean ion velocity vi using equation 4.7. The mean ion velocity is found from the IEDF and will 

be obtained from RPA measurements. Additionally, metrics required to calculate thruster 

Thruster 

FC 

Rotary 
Table 
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efficiency, mass utilization, ηm, divergence factor, ηd, and energy efficiency, ηe, can be calculated 

from FC measurements, allowing the total efficiency ηT of the thruster to be estimated.  

 
𝜂௠ =  

𝐼௜𝑀௜

𝑚̇௚𝑒
  

(4.8) 

 
𝜂஽ =  

𝑇

𝑚̇𝑣௜
 

(4.9) 

 

 
𝜂௘ =  

𝐼௜𝐸௜

𝑃ெௐ
 

(4.10) 

 

 𝜂் = 𝜂௘ 𝜂௠ 𝜂஽
ଶ  (4.11) 

The Isp can also be used as a performance parameter and can be found in terms of the effiecncy 

parameters.  

 
𝐼௦௣ =  

𝑇

𝑚̇௚𝑔଴
=

𝜂஽𝜂௠𝑣௜

𝑔଴
 

(4.12) 

 

These metrics allow for the characterization of the WECR thruster.  

4.2.3 Retarding Potential Analyzer 

An RPA is a plasma diagnostic tool used for the analysis of the ion energy distribution in 

a plasma. This tool consists of a series of grids which are biased electrostatically to systematically 

repel the constituents of the plasma [27]. Located behind the biased grids is a collector that will 

measure current. RPA’s can consist of three or four gird configurations with each grid positioned 

parallel to each other inside a housing. In both configurations the first grid is floating at the plasma 

potential to prevent the downstream grids from influencing the plasma. The second and if a fourth 

grid is used are biased negatively to act as electron repelling and suppression grids, respectively. 
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In either configuration the third grid is swept positively from 0 V to the desired positive potential. 

As the potential is increased less ion current can pass through the retarding grid forming a plot as 

shown in Figure 26. The blue trace represents the measured current for an increasing retarding grid 

bias, while the second trace represents the IEDF. 

Figure 26: RPA collected current trace and derived ion energy distribution function.  

Current is measured as a function of the retarding grid potential. An energy distribution function 

can be determined from this I-V curve by differentiating the collected ion current with respect to 

the bias of the retarding grid.  

 ௗூ೎೚೗೗

ௗ௏್೔ೌೞ
 = −𝑓(𝐸) (4.13) 

 

A four grid RPA was previously designed at ALPE for use in low power Hall thruster 

testing [28] and will be used for ion energy measurements of the WECR thruster. The RPA body, 

grids, retention rings, and wires are made from 316 stainless steel. All grid wires are insulated by 

alumina tubing. MACOR is used between the grids and between the grid stack and the RPA body 

to isolate everything. The repelling grid is biased to a negative potential sufficient to repel a 
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majority of the electron current within the plasma plume. The suppression grid is biased to -45V, 

this grid acts as a second electron repulsion grid. Preventing any additional electrons created within 

the RPA from providing a more accurate reading. The third grid is swept from 0 V up to 400 V to 

obtain Icoll(Vb). The experimental set up is displayed in Figure 27.  

Figure 27: RPA experimental set up.  

Data collected from RPA measurements allows the IEDF to be found where the mean ion energy 

can be extracted from the distribution. The remaining efficiency parameters mentioned in section 

4.2.2 can be estimated with the addition of the mean ion energy, which in turn allows the thrust to 

be calculated. An effective characterization is possible with the completion of the above-

mentioned plasma diagnostic experiments.   

4.3 Instrumentation and Data Acquisition  

To enable the experiments described in the previous section three separate Keithley 

measurement units were utilized, a Keithley 2400, 487, and 237. The Keithley 2400 is a highly 

stable DC source and a multimeter.  This unit was used to bias the conducting probe for both the 

Thruster 
RPA 
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Langmuir probe and FC testing. The Keithley 237 high voltage source measurement unit (SMU) 

and the 487 picoammeter were used only for RPA measurements. To sweep the retarding grid of 

the RPA, the Keithley 237 was applied concurrently with the Keithley 487 for precise current 

measurements. The combination of the above units allowed for the effective measurement of the 

data needed to characterize the thruster.  

Data acquisition and experimental control was accomplished through the use of LabVIEW. 

Three separate LabVIEW VIs were used for each of the aforementioned experiments.  These 

programs facilitated control of the diagnostic equipment and instrumentation. To interface with 

the Keithley 2400, 487, and 237 a GPIB-USB-HS+ cable was used to transmit collected data from 

the instrumentation to the LabVIEW computer allowing it to be recorded. Data obtained from all 

plasma diagnostic tests is processed through MATLAB. The processed data obtained is displayed 

in the following chapter.  
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CHAPTER 5 

EXPERIMENTAL RESULTS 
 

5.1 Experimental Overview 

The experimental setups discussed in Chapter 4 were utilized to obtain results addressed in 

the following chapter. The WECR thruster demonstrated first light and continuous plasma using 

three different antenna configurations at power ranges between 30 - 100 W and flow rates ranging 

from 0.5 – 2 SCCM of xenon. Figure 28 displays the operation of the WECR thruster on xenon. 

The experiments provided data for the full performance and plume characterization of the WECR 

thruster. Additionally, these experiments provided further data for studies into ECR thrusters and 

were used to produce an optimized design.  

Figure 28: Operation of the WECR thruster during characterization at 1 SCCM and 20 W. 

5.2 Plasma Diagnostic Probe Results 

 The following sections describe the results obtained from each plasma diagnostic test in 

detail.  
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5.2.1 Langmuir Probe  

Time averaged current measurements as a function of applied voltage were performed with 

a LP in the plume of the WECR thruster to obtain the following plume properties: electron density, 

plasma potential, and electron temperature. As mentioned in section 4.2.1 the Druyvesteyn method 

enables a more effective estimation of the plume properties in a magnetized plasma. The Langmuir 

probe experiments of the WECR thruster were conducted for varying flow rate of xenon.  

Measurements were made 175 mm downstream of the thruster exit plane with the cylindrical 

Langmuir probe described in section 4.2.1. The objective of these measurements was to compare 

the plasma properties of a coaxial monopole and helical antenna, providing insight into whether a 

helical antenna could be more beneficial for microwave plasma coupling. Figure 29 shows the 

plume properties of both antenna configurations.  

Figure 29: Langmuir probe plasma properties at 20 W absorbed power for changing flow rate a.) monopole antenna and b.) 
helical antenna.  

The estimated plasma properties display expected trends with increasing flow rate. A 

maximum electron temperature of 11.4 eV is obtained for the monopole antenna at 0.5 SCCM. At 

the same flow rate the maximum obtained electron temperature for the helical antenna was 12.3 

eV.  Similarly at the lowest flow rate the maximum plasma potential is obtained for both the 

a.) b.) 
  

Monopole Helical 
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monopole and helically antennas at 41 V and 42 V respectively.  The greatest electron density was 

measured at the highest flow rate of 2 SCCM for both antennas with the monopole antenna 

reaching  8.34 x 10ଵସ  
ଵ

୫య
  and the helical antenna measuring 2.05 x 10ଵସ ଵ

୫య
. 

Analyzing the trends observed and the possible mechanisms which resulted in the obtained 

Langmuir probe data.  At flow rates above 1.5 SCCM the electron temperature Te shows minimal 

dependence on flow rate. It was shown by Cannat et al. [14] at flow rates below 0.5 SCCM an 

exponential increase in electron temperature occurs. It is thought a similar trend would occur if 

measurements were made near 0.25 SCCM. This results at lower flowrates where electrons have 

additional time to gain energy before a collision, leading to an increase in electron temperatures. 

When analyzing the plasma potential, Vp, and electron density, ne, there is an observable linear 

relationship with varying flow rate. The negative effect of increasing flow rate on plasma potential 

can be attributed to the drop in electron temperature [29, 30]. Where electron temperature and 

plasma potential are related through the polytropic coefficient or ratio of specific heat, 𝛾௘,  
థ೘ೌೣ

೐்బ
=

−
ఊ೐

ఊ೐ିଵ
 [29].  Additionally, the plasma potential profile is thought to be highly dependent on the 

initial conditions in the source, for a higher pressure or flow rate alters the electron energy [31].  

Evidently, operating at a lower flow rate is the most beneficial in terms of plasma potential and 

electron temperature. Ion energy is linked to electron energy, where a greater ion energy results in 

an increase in thrust [29]. Therefore, a greater electron energy would be beneficial.  Furthermore, 

electron density is directly related to flow rate. When there is an increase in flow rate, there is an 

increase in electron density. This relationship is easily explained since there is more propellant to 

be ionized at higher flow rates, resulting in a greater collected current.  

As shown in Figure 29 each antenna configuration exhibits similar trends, but the helical 
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antenna appears to lack in electron density production. The rate of change of the electron density 

with flow rate is significantly less in the helical antenna compared to the monopole antenna. This 

outcome may result from less efficient microwave plasma coupling than what was expected. Less 

efficient coupling can be observed from the level of reflected power throughout testing.  The 

reflected power in the helical antenna fluctuated much more than that what was observed with the 

monopole antenna. The transmitted and reflected microwave power during testing is described in 

more detail in section 5.3.3. COMSOL simulations conducted with each antenna configuration 

agree with the results observed. A large perpendicular electric field component could not be 

created with the helical antenna, resulting in poorer performance compared with the monopole 

antenna.    

 Figure 30 shows a comparison of the electron temperatures obtained for varying flow rates 

for both the monopole and helical antennas. An objective of this work was to test the hypothesis 

that the helical antenna would result in a greater electron temperature, indicating that more 

energetic electrons are produced due to the fact that the helical antenna more effectively heats the 

electrons as it creates RHCP waves. Previous work has shown that greater thrust results from 

increased electron temperature in wave driven thrusters [14,19]. As a result of the increased 

electron temperature and presumably thrust, an improved performance with the helical antenna 

could be calculated. A ~13% uncertainty was calculated for electron temperature measurements 

utilizing standard error propagation methods detailed in reference [23]. Taking this error into 

account the slight increase measured in electron temperature with the helical antenna cannot be 

said to have produced a greater value than the monopole antenna, as observed from the figure 

below. Further investigation into the performance of the helical antenna will be discussed in the 

following sections showing that the helical antenna lacks in the production of total ion current and 
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high energy ions.  

 Figure 30: Electron temperature measurement comparison of monopole and helical antennas at 20 W for changing flow rate. 

5.2.2 Faraday Cup 

The FC experiments provided measurements that allowed for the estimation of total ion 

current and mass utilization. FC measurements were made ~11.5” (29.2cm) downstream of the 

thruster at various absorbed microwave powers and flow rates. The FC would transverse the entire 

angular profile of the thruster from -90° to 90° providing the angular ion current density profile. 

To note, measurements above 30 W with the helical antenna could not be accomplished due to 

fluctuations in the absorbed and reflected power causing irregular measurements.  

From the angular sweep of the FC the following current density profiles in Figure 31 were 

found for the monopole antenna at various microwave absorbed powers for flow rates of 1.5, 1.0 

SCCM, and 0.5 SCCM. Reflected power levels were typically measured or be under 5 W in all 

cases.  For most power levels, the maximum current density occurs along the central axis of the 

thruster. Increasing the microwave power tends to raise the peak current density and cause the 

current density at the wings of the profile to increase. Similar profiles are found at all flow rates 

with the current density increasing with microwave power. The largest increase in current density 

T
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is observed when increasing microwave power from 10 W to 17 W, indicating a higher microwave   

power is required to initiate a reaction to generate a greater amount ion current. A maximum 

current density is achieved along the central axis at 40 W of absorbed power and 1.5 SCCM of ~ 

41 µA/cm2. 

Figure 31: Angular current density profiles at a.) 1.5 SCCM, b.) 1.0 SCCM, and c.) 0.5 SCCM for respective absorbed power. 

 

 

a.) b.)   

c.
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In the following some of the observed trends and features occurring in the above traces are 

discussed. An interesting result occurs at a 40 W of absorbed microwave power for all flow rates. 

More significantly Figure 31 (b) and (c) clearly shows a dip occurring at the central axis and slight 

bumps in the wings of each trace. The dip in the central axis of the thruster could be a result of the 

physical geometry of the inner conductor causing ions to diverge away from the central axis. At 

1.5 SCCM the additional presence of greater ion current partially fills this dip resulting in the 

flatter peak seen in this trace. While in the 1.0 and 0.5 SCCM traces the lower ion current produced 

leads to the dip. Additionally, the divergence of ion current could be linked to the electric field 

pattern formed by the monopole antenna forcing the ions away from the central axis at higher 

powers. Interestingly the dip does not appear in the 17 W trace for all flow rates, and currently 

cannot be explained.  The bump seen at the wings of the angular profile may arise from increased 

ionization occurring in the region near the radial walls, where neutral gas injection occurs in place 

of the central axis.  Alternatively, this could result from charge exchange collisions resulting from 

higher energy particles at lower flow rates. This is supported by the RPA measurements in the 

following sections, but not the previous mean free path estimates.   

The total ion current and mass utilization can be estimated through the integration of the 

current density profiles. These parameters are found for three xenon flow rates at four selected 

absorbed microwave powers. Figure 32 details these parameters for the monopole antenna. As 

expected, a steady increase in the amount of ionized propellant results from increasing microwave 

power with the greatest mass utilization occurring at the lowest flow rate. It is practical to assume 

a higher mass utilization would be achievable with a greater increase in microwave power. Total 

ion current rises as microwave power increases with the greatest increase occurring between 10 W 

and 17 W. A steady increase in total ion current is seen with microwave power starting at 17 W 
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for both mass utilization and ion current. This behavior is expected to continue as microwave 

power is further increased but may begin to saturate. Greater ion current is measured at higher 

flow rates due to the fact of more propellant being present with the potential to be ionized. The 

maximum ion current of approximately 50 mA is observed at 40 W of absorbed power and 1.5 

SCCM. Comparing the traces from Figure 31 and Figure 32 for the respective flow rates, the 

highest mass utilization occurs at 40 W of absorbed power in the trace where the dip in the central 

axis is present.  The high mass utilization measured in the 0.5 SCCM trace is indicative of the 

presence of doubly charged ions and is in the need of correction.   

Figure 32: a.) Mass utilization and b.) total ion current monopole antenna. 

As mentioned, issues occurred for operating the helical antenna above 30 W. Therefore, 

only three data points are provided for each flow rate. Without the additional data point, it is more 

difficult to comment on the behavior of the helical antenna traces.  The angular current density 

traces for the helical antenna are displayed in    Figure 33. Notably, the dip in the current density 

along the thruster centerline is not present in the figures. This possibly resulted from the open 

a.) b.) 



 

60 
 

physical geometry of the helical antenna as opposed to the straight rod of the monopole antenna. 

This allows ion current to be collected along the centerline removing the presence of the dip.   

   Figure 33: Helical antenna angular current density profiles a.) 1.5 SCCM, b.) 1.0 SCCM, and c.) 0.5 SCCM.  

Figure 34 displays the total ion current and mass utilization for the helical antenna and 

shows poor performance when compared to the monopole antenna. The greatest increase in ion 

current and mass utilization still occurs when power is increased from 10 W to 17 W, and it is 

expected all traces will possess a linear behavior from 17 W and above. Figure 34 (b) at 10 W for 

1.0 SCCM and 1.5 SCCM possess a notable result. A greater ion current is measured at 1.0 SCCM 

a.) b.)   

c.) 
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than 1.5 SCCM. This unexpected result likely occurred due to possible wear on the helical antenna 

or fluctuations in absorbed power. When comparing the helical antenna to the monopole antenna, 

the helical performed substantially worse. The maximum estimated mass utilization at 0.5 SCCM 

and 25 W was above 75% for the monopole antenna while the helical antenna was just under half 

reaching only 36%. Additionally, the maximum ion current reached by the helical antenna was 17 

mA, less than half of what was measured with the monopole antenna.  

Figure 34: a.) Mass utilization and b.) total ion current of helical antenna. 

The poor measurements obtained for total ion current and mass utilization for the helical antenna 

may be a result of several possibilities related to the antenna design and are discussed in section 

5.2.3. Future work will look to improve upon these shortcomings.  

a.) b.) 
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5.2.3 Retarding Potential Analyzer 

RPA measurements permit the mean ion energy to be calculated allowing the remaining 

thruster parameters to be estimated. As described in section 4.2.3 an RPA enables the IEDF to be 

determined from which the mean ion energy can be found. Figure 35 shows the normalized IEDF 

for the monopole antenna at the flow rates of 1.5 SCCM and 1.0 SCCM for various powers. To 

note, measurements at 0.5 SCCM are not included for large negative currents were recorded at all 

power levels, resulting in inaccurate data. The mean energy of each trace occurs near the peak of 

the IEDF. As seen between Figure 35 (a) and (b) decreasing flow rate results in an overall increase 

in ion energy, and as expected, ion energy also scales with microwave power. Greater ion energies 

occur at lower flow rates since there is lower pressure inside the source chamber. At higher flow 

rates more collisions occur resulting in ion energy lost to collisions. This is evident in the IEDF 

traces for each flow rate.   

Figure 35: Ion energy distribution function for monopole antenna at (a) 1.5 SCCM and (b) 1.0 SCCM. 

A jump in each IEDF resulting in a small peak is noticed at all power levels at lower ion 

energies between 20 – 40 eV. This is possibly the result of secondary electron emission from the 

background gas and RPA grids. The smaller peaks at high energies seen in the 1.5 SCCM 40W 

a.) b.) 
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trace likely results from power fluctuations from the microwave source. In comparison to work 

completed at ONERA [14,17] where ion energies reached ~250 – 300 eV at approximately 1 

SCCM, the ion energies recorded here are considerably lower reaching a maximum of 127.5 eV 

at 1 SCCM. A possible reason for the lower energies observed in testing of the WECR thruster is 

the higher background pressure. Background pressure can have significant effects on magnetic 

nozzle performance [32, 33]. The experiments conducted in this thesis were performed at a 

background pressure approximately an order of magnitude greater than those in the 

aforementioned study at ONERA. The lower ion energy observed in Figure 35 can be attributed 

to the higher background pressure leading to a greater collision rate and lower ion energy.  

The IEDFs obtained for the helical antenna are displayed in Figure 36.  Compared to the 

IEDFs from the monopole antenna, the helical antenna mean ion energies are typically ~ 10 – 20 

eV lower. Similar trends with flow rate and microwave power are observed in the helical antenna 

IEDF as with the monopole antenna. At lower ion energies before the maximum peak of the IEDF, 

a bump appears in the traces which does not appear in the monopole IEDF. This bump shows a 

larger lower energy ion population in comparison to the monopole antenna. Currently this bump 

cannot be explained but it is thought to be caused by elastic collisions, charge exchange collisions, 

and low energy ions created downstream [33-35]. 
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Figure 36: IEDF for helical antenna (a) 1.5 SCCM and (b) 1.0 SCCM. 

As stated, to estimate thrust, the mean ion velocity is required and with the ion energies obtained 

from the IEDF the velocities can be found. The ion velocity is proportional to ion energy and 

exhibits the same trends with flow rate and power as seen in the IEDF’s. The calculated ion 

velocities of the monopole and helical antenna are shown in Figure 37. Observing Figure 37 a.), it 

appears the ion velocity begins to level off the further microwave power is increased. The helical 

antenna however shows a significant increase from 17W to 25W and may not approach a limit 

early as the monopole antenna.  

 

 

 

 

 

a.) b.) 
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Figure 37: Ion velocity measurements for 1.0 and 1.5 SCCM at various absorbed microwave powers for (a) monopole antenna and 
(b) helical antenna.  

The greatest ion energy and therefore ion velocity is obtained with the monopole antenna 

at 1.0 SCCM. It was previously thought the helical antenna would outperform the monopole 

antenna leading to greater ion energies. This initial reasoning was based on the helical antenna’s 

capability to produce RHCP waves.  The fabrication method of the antenna may have caused poor 

performance of the helical antenna. A new fabrication method is needed along with a more detailed 

design process. It is possible the antenna did not produce RHCP waves, or the waves did not 

propagate through ECR region, leading to an ineffective design. To test if RHCP waves were 

produced it is possible to a secondary linearly polarized antenna acting as a receiver. The receiving 

antenna is rotated and records power measurements from the antenna under test [36]. From these 

measurements the polarity of the antenna under test can be determined. The antennas were 

originally fabricated by hand to obtain the desired design parameters. Future testing could include 

an antenna whose fabrication is outsourced to achieve a more accurate performance. A summary 

of the mean ion energies obtained from RPA testing is displayed in the table below. 

a.) b.) 
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Table 2: Ion energies at various microwave powers for the monopole and helical antennas. 

Flow Rate Power Monopole Helical 

1.0 SCCM 10 W 80 eV 60 eV 

1.0 SCCM 17 W 102.5 eV 65 eV 

1.0 SCCM 25W 107.5 eV 92.5 eV 

1.0 SCCM 40 W 127.5 eV NA 

1.5 SCCM 10 W 52.5 eV 50 

1.5 SCCM 17 W 70 eV 57.5 

1.5 SCCM 25W 82.5 eV 77.5 

1.5 SCCM 40 W 90 eV NA 

 

5.3 Thruster Performance  

In the following sections the full characterization of the WECR thruster is discussed. The 

thrust, Isp, and efficiency parameters are given for both antenna configurations. Additionally, a 

brief discussion on the effects of background pressure on thruster performance is provided along 

with a section on how transmitted and reflected microwave power varied throughout 

experimentation.  

5.3.1 Performance Evaluation  

Presented in this section is the accumulation of data obtained from the testing discussed 

previously, allowing the thruster performance to be characterized. Data measured with the FC and 

RPA allow for the estimation of thrust, Isp, and all thruster efficiency parameters. These estimations 

are only made for 1.0 and 1.5 SCCM for RPA measurements were not made at 0.5 SCCM.  First, 

the thrust and Isp are given by equations 4.7 and 4.12. These estimations are displayed in Figure 
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38 for the monopole antenna and Figure 39 for the helical antenna. There is negligible difference 

in the amount of thrust measured at 1.0 and 1.5 SCCM with the monopole antenna. This may be 

due to the inverse relationship between ion energy and total ion current due to flow rate. While the 

ion energy produced at lower flow rates is greater due to a lower pressure inside the source 

chamber, the amount of total ion current produced is lower as well due to less neutral gas to be 

ionized. A greater difference is present for Isp, as the decrease in flow rate permits a higher Isp. The 

optimum operating condition appears to be at an intermediate flow rate to balance both total ion 

current and ion energy.  

Figure 38: (a) Thrust and (b) specific impulse measurements of monopole antenna at 1.0 and 1.5 SCCM for varying absorbed 
microwave power.  

The thrust and Isp for the helical antenna show a severe decrease in both record values 

compared to the monopole antenna. The low thrust and Isp is most likely the result of poor 

microwave plasma coupling from the antenna design. Both thrust and Isp increase with microwave 

power and do not begin to saturate under 25 W. It is possible better performance could be achieved 

at higher microwave powers. COMSOL simulations discussed in section 3.5 showed the helical 

antenna would result in poor performance due to an insufficient electric field pattern creating 

numerous E x B points. The antenna design method proved to be an effective technique to estimate 

a.) b.) 
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the performance of an antenna. However, it is still believed a RHCP wave antenna would lead to 

improved performance. A new RHCP wave antenna configuration could possibly correct the faults 

in this design.  

Figure 39: (a) Thrust and (b) specific impulse measurements of helical antenna at 1.0 and 1.5 SCCM for varying absorbed 
microwave power.  

Figure 40 displays the calculated efficiency parameters for both the monopole and helical antennas 

at 1 SCCM. This is considered the most optimal operating condition for there is a balance between 

total ion current and ion energy. At this condition the monopole antenna achieved a maximum 

total efficiency of 𝜂் = ~3.2% at 17 W, while the helical antenna achieved a mere 𝜂் = ~0.5% 

at 25 W. From these figures it is observed that all efficiency parameters appear to saturate with 

increasing microwave power. It is evident that increasing microwave power does not necessarily 

result in increasing the efficiency of the thruster; rather there is some mechanism. From references 

[6, 19, 20, 21] losses to the radial walls have been known to be a significant problem and is a 

limiting factor in the efficiency of the thruster. The magnetic field configuration chosen for the 

WECR thruster may not have resulted in the effective confinement of the plasma as previously 

a.) b.) 
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thought. A method not implemented in the WECR thruster but was shown to have great 

performance benefits is insulating walls. This is considered in a future design [37].  

Figure 40: Efficiencies at 1 SCCM for the (a) monopole antenna and (b) helical antenna. 

Equations 4.8, 4.9, and 4.10 detail a few select ways to improve upon the efficiency of the thruster 

without introducing additional gas flow or microwave power. Mass utilization, divergence factor, 

and energy efficiency can all be improved with an increase in total ion current. In addition to 

increasing total ion current, the divergence factor and energy efficiency can also be improved with 

greater ion energies. Alterations in the magnetic field could potentially lead to increased ion energy 

and total ion current without having to alter the flow rate or microwave power to the thruster.  The 

ion energy is linked to electron temperature, and it has been shown that different magnetic field 

configurations can increase the measured electron temperature, ion energy, and current density 

[18,29]. Improvements to these metrics could have significant performance benefits.  Overall, 

several design improvements could be made along with more ideal operating conditions allowing 

the WECR thruster to achieve improved efficiencies.  

a.) b.) 
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5.3.2 Background Pressure Effects 

Past studies on ECR thrusters and magnetic nozzle-based thrusters have shown that these 

devices are significantly affected by background pressure [15,32,33]. Although, no direct study on 

background pressure effects was carried out in this work, pressure measurements were recorded 

throughout testing of the WECR thruster. These measurements manifested notable effects RPA 

measurements.   RPA data was collected with the WECR thruster at operating pressures around an 

order of magnitude greater than in previous studies [17], leading to a significant decrease in ion 

energy measurement.  All FC and RPA measurements were made with background pressure on 

the order of 1e-5 Torr. For comparison in previous studies, at approximately 5e-5 Torr a total 

efficiency of  𝜂் = ~10% is achievable while around 1e-4 Torr 𝜂் = ~2% [15]. It is believed if 

lower pressures were attainable, measured ion energies would range from 200-300 eV. Overall, 

background pressure can have a significant effect on the performance of magnetic nozzle thrusters 

such as ECR thrusters. Facilities capable of obtaining operating pressures below 1e-5 Torr are 

preferred.  

5.3.3 Transmitted and Reflected Power  

Throughout testing of the WECR thruster both transmitted and reflected power were 

monitored and recorded at various powers and flowrates to observe behavior. Transmitted and 

reflected power varied for both antenna configurations. The antenna configuration and operating 

pressure had the most significant effect on microwave plasma coupling. Testing of the monopole 

antenna led to relatively constant reflected power levels with very little variation at all operating 

conditions. When testing the helical antenna, reflected power levels fluctuated quite substantially 

leading to erroneous data and energy spikes as seen in the RPA measurements. Although the 

reflected power remained low at the beginning of an experiment, over time, it would begin to rise 
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and fluctuate, causing power spikes. This occurred in the monopole antenna but was not as 

profound as for the helical antenna. The rise in reflected power and fluctuations is most likely a 

result of poor impedance matching to the plasma and heating of the microwave cables over time.  

As discussed in section 4.1.3 a double stub tuner was utilized for impedance matching. 

This tool allowed the impedance of the microwave circuit to match that of the plasma by adjusting 

two stubs. The tuner was adjusted before each plasma diagnostic experiment to best match the 

impedance of the plasma with the microwave circuit. While this double stub tuner was adjusted 

manually, an automatically adjusted system, similar to those in impedance matching circuits for 

waveguides, which could match the circuit impedance to the plasma as it operates would be most 

beneficial. This would allow for the most optimized method for ensuring maximum absorbed and 

minimum reflected power. 

An important result noticed after the testing of each antenna configuration is small amounts 

of erosion caused by sputtering. An advantage of ECR thrusters previously discussed was 

increased lifetimes [5]. However, an exposed antenna to the plasma as used in ECR thrusters, can 

slowly deteriorate due to sputtering becoming a life limiting factor. The erosion of the antenna 

could also lead to negative effects on transmitted and reflected power due to the deterioration of 

the antennas physical geometry changing its impedance. The antenna used in this work consisted 

of copper which possess a sputtering yield that is typically greater than other metals for noble gas 

ions [38, 39]. Small amounts of material could be observed to be absent along with surface 

imperfections after experimental testing periods. The sheath potential can be an indicator for 

determining the scale of erosion. However, potentials in the region near the antenna could not be 

estimated for no electron temperature measurements were conducted near this location. While no 

lifetime estimations were completed, and no relevant data could be sourced at the desired ion 
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energies to estimate the lifetime of the antenna, this is an issue needing investigation. To decrease 

the amount of erosion an antenna material with a lower sputtering yield such as refractory metals 

can be chosen [40] Alternatively, the antenna could be coated with a low sputtering yield dielectric 

as used in a water based ECR thruster [41]. This would aid in the transfer of microwave power 

throughout the testing of the thruster and increase the overall lifetime of the thruster.  

5.4 WECR-2 Thruster Design 

As previously iterated, the efficiency of small scale ECR thrusters have been relatively 

poor with a maximum total efficiency of ~16% [5]. Comparing this value to the total efficiency 

obtained with the WECR thruster 𝜂் = 3.2%  , room for improvement is undoubtedly present in 

the first design iteration of the thruster. The results obtained from the aforementioned plasma 

diagnostic tests have informed on design flaws in the WECR thruster, revealing potential 

improvements. Discussed here are the design changes used in the second iteration of the WECR 

thruster. To distinguish the designs from each other, the first thruster design is WECR-1 and the 

second is WECR-2. The second design iteration of the thruster is displayed in Figure 41 with each 

component called out in the CAD model.  
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Figure 41: WECR-2 thruster optimized design CAD model.  

As stated, the WECR-1 thruster utilized radial gas injection with two permeant magnets. 

The WECR-2 thruster will employ axial gas injection and has the capacity to utilize either three 

permanent magnets or replace the third with a solenoid. A benefit of utilizing axial injection over 

radial, is that it enables the backplate to be used as a mechanism to distribute gas into the source 

chamber and can provide a more uniform distribution. A uniform distribution can be accomplished 

through the design of the backplate as various patterns can be cut into the ceramic plate altering 

distribution of the neutral gas.  

Below in Figure 42 the simulated magnetic field pattern of the WECR-2 thruster, with the 

addition of a third permanent magnet located outside of the source chamber, is displayed. 

Comparing the field patterns, the addition of the third magnet forms a more axial pattern causing 
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the field lines to diverge away from the source chamber walls. The third permanent magnet 

improves field line termination at the radial walls but creates an overall weaker magnetic field. 

The effect of the addition of the third magnet could possibly be negative in terms of wall losses 

but beneficial for plasma detachment. If in place of the third permanent magnetic a solenoid was 

used, there would be greater adaptability to influence the magnetic field gradient. This would 

enable a larger ECR region where electrons would possess a greater residence time within the 

region gaining more energy. A similar investigation was conducted where the magnetic field 

configuration was set up using a solenoid and one permanent magnet showing an improved mass 

utilization and divergence factor could be achieved while operating at lower flow rates [18]. The 

WECR-1 thruster was designed without a solenoid so that it would only require a single power 

source. In this configuration the simulated ECR region would be located exactly at the backplate. 

Taking into account the same differnce as measured with the gauss meter in the WECR-1 thruster 

this places the ECR region 2-3 mm from the backplate.  

Figure 42: WECR-2 magnetic field pattern with additional permanent magnet. 
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The internal geometry of the source chamber of both designs remains constant. Although 

alterations in the diameter and length of the source chamber would likely show improvements as 

a result of the decrease in chamber pressure, keeping the geometry constant in each design allows 

for direct comparison to the other design changes mentioned. To hold the additional permanent 

magnet or solenoid, an external casing is incorporated into the WECR-2 thruster. The new and old 

casings containing the magnets were increased to 3.5” in diameter. As stated, the source chamber 

dimensions will remain constant with a 1” inner diameter and a length of 0.9”.  These dimensions 

directly impact the overall performance of the thruster as discussed above and in section 3.2. 

Lastly, insulating the source chamber walls could significantly reduce wall losses and improve 

overall efficiency [37].  Insulation of the walls can be accomplished through a protective layer of 

dielectric material similar to the backplate material. Improvement in total efficiency as a result of 

wall insulation is thought to be a consequence of two possible mechanisms. First, the insulated 

walls alter the secondary electron emission, changing the electron balance within the source 

chamber plasma. Secondly, conducting source chamber walls can affect diffusion to the walls, by 

insulating the walls better confinement is achieved [3]. The combination of these two possible 

effects could lead to a substantial improvement in the efficiency of the thruster.  

The plasma diagnostic tests performed on the WECR-1 thruster informed on where 

potential improvements could be incorporated.  From the experiments, conducted the most 

significant methods to potentially improve upon the WECR-1 thruster’s performance are 

alterations to the magnetic field and operating conditions such as background pressure. First, 

Langmuir probe testing provided insight into the importance of initial conditions in particular flow 

rate and how the plasma properties are related to the performance of the thruster when examined 

with collected data from the remaining tests. For example, in a previous study it was shown that 
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the shape of the ambipolar electric field is affected by the initial conditions present in the thruster 

[31]. Here it appears that the flow rate and base pressure throughout experimentation have a 

particular effect on the plasma potential and electron temperature. Both electron temperature and 

plasma potential profile are key to the performance of the thruster. In conjunction with the 

Langmuir probe measurements, the RPA tests showed a relationship between flow rate, maximum 

ion energy, and electron temperature. This relationship was verified by both RPA and Langmuir 

probe tests show that at lower flow rates greater electron temperature and ion energies  were 

measured.  Both ion energy and electron temperature increase with decreasing flow rate for the 

reasons discussed in section 5.2.3. A higher electron temperature will lead to greater ion energy 

and therefore more thrust, but at lower flow rates, less thrust is produced due to the lack of potential 

propellant to be ionized. Both electron temperature and ion energy can be enhanced through 

magnetic field manipulations as shown by Lafleur et al [29]. In addition to the magnetic field 

alterations, the backplate could be re-designed to lead to more effective gas distribution. This could 

also improve upon electron temperature and ion energy resulting in improvements with the WECR-

2 thruster. 

Additional changes that should be implemented into the WECR-2 thruster include a new 

antenna fabrication method to improve upon antenna durability and repeatability, helical antenna 

redesign to increase/improve microwave plasma coupling, and insulated walls. It is believed the 

changes mentioned in this section will improve upon the performance of the WECR-1 thruster, 

creating a design on par with current ECR thruster designs [17,18,37]. 
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CHAPTER 6 

SUMMARY AND FUTURE WORK 

6.1 Summary 

The goal of this work was to design and optimize an ECR thruster while also providing 

additional experimental data on ECR thrusters. This work began with the design of an ECR thruster 

in ALPE at Western Michigan University. This design was based on the coaxial ECR thruster 

developed at ONERA labs [5]. The dimensions of the WECR-1 thruster were informed by previous 

experimental work with ECR thrusters and were chosen to produce an effective thruster [14,15]. 

In creating an effective design, this work utilized a method for the optimization of microwave 

antenna designs in ECR ion thrusters [16]. Three antenna configurations were initially simulated 

and tested including a monopole, ring, and helical antenna. Only two of the three antenna designs 

were experimentally characterized, the monopole antenna as used in previous ECR thrusters and 

the helical antenna, which was expected to produce RHCP waves to heat the electrons more 

efficiently. One of the most important features of the ECR thruster is the magnetic nozzle. The 

magnetic nozzle aids in the creation, confinement, and acceleration of the plasma. To create an 

optimum field for both plasma confinement and detachment, magnetic field simulations were 

conducted showing the magnetic vector field and field strength. Magnetic field probe 

measurements were completed to verify the simulations showing relatively good agreement. The 

last design feature investigated was possible improvements to the ECR region by reducing the 

magnetic field gradient or by improving microwave plasma coupling. 

The WECR-1 thruster was characterized through the use of a series of plasma diagnostic 

experiments including Langmuir probe tests for plasma potential, electron density, and electron 

temperature measurements, FC tests for the total ion current produced by the thruster, and RPA 
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measurements for ion energy. With the data from these diagnostics thruster efficiency parameters 

could be calculated along with thrust and Isp produced by the thruster. Langmuir probe testing 

resulted in both antennas possessing similar values in plasma potential and electron temperature; 

however, the monopole antenna possessed a significantly greater rate of increase in electron 

density with changing flow rate when compared to the helical antenna. FC tests showed the 

monopole antenna was much more capable of ionizing the gas compared to the helical antenna 

with the monopole producing a maximum total current of 50 mA while the helical antenna only 

produced a maximum current of 17 mA. Lastly, RPA measurements showed the monopole antenna 

was more efficient at creating high energy ions then the helical antenna. Compared to previous 

studies conducted with ECR thrusters achieving ion energies of ~250-300 eV these values were 

significantly lower achieving a maximum of 127.5 eV [14,17]. The lower ion energies are partly 

attributed to a higher operating pressure throughout testing. The thrust and Isp calculated for the 

monopole antenna were respectively 0.41 mN and 471 s at 40W and 1 SCCM. While the maximum 

Isp was achieved at these conditions the maximum thrust was measured at 40 W and 1.5 SCCM. 

The maximum thrust and Isp for the helical antenna came in at poor values of 0.16 mN and 171 s 

operating at 25 W and 1 SCCM. The maximum total efficiencies obtained for each antenna 

configuration at 1 SCCM were 𝜂் = 3.2 % at 17 W for the monopole and the helical antenna 𝜂் =

0.5 % at 25 W. While these values are low, the WECR-1 thruster operating with the monopole 

antenna is similar to the first design iteration of previous ECR thrusters [17,18,37].  From these 

experimental results, a second design was developed to improve on the WECR-1 thruster.  The 

second design, simply deemed WECR-2 thruster, consisted of the same source chamber geometry. 

Maintaining geometric parameters allows for a more direct comparison. 
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 Three major changes were made to the WECR-1 thruster. First, the gas injection scheme 

was changed from radial to axial. Second, an additional section was added to the thruster external 

geometry to allow for a third permanent magnet or solenoid to be incorporated.  This will aid in 

increasing the total ion current, electron temperature, and therefore ion energy, increasing thruster 

efficiency.  Finally, a dielectric material will be used to insulate the thruster walls, to increase 

performance. It is believed with the combination of the above changes to the WECR-1 thruster, 

the WECR-2 thruster will show improved performance with total efficiency closer to ~10%.  

6.2 Future Work 

A more complete understanding of the physics behind ECR thrusters, specifically magnetic 

nozzles and microwave plasma coupling, is required for ECR thrusters to be considered as a viable 

alternative to existing electric propulsion technologies. This work has provided experimental data 

with the hope of aiding in the advancement of ECR thrusters. The same series of experiments 

should be conducted with the WECR-2 thruster with the goal of greatly improving upon the 

efficiency of its predecessor. When testing is completed with WECR-2 thruster experimental 

investigation into the effect of neutral gas distribution and different magnetic field configurations 

could be carried out. Additional experimental research can be conducted into pressure effects, 

microwave plasma coupling, and plasma detachment in ECR magnetic nozzle thrusters with the 

WECR-2. While this work was primarily an experimental investigation with select multiphysics 

simulations, theoretical and numerical work is needed to better understand the physics of ECR 

thrusters. The miniaturization of EP thrusters will play a vital role in the future of the space 

industry, specifically CubeSat constellations requiring a propulsion system. ECR thrusters possess 

the potential to compete with the performance and capabilities of HETs and GITs. Electric 
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propulsion is an ever-growing field with great potential, and with a growing space industry, ECR 

thrusters could play a significant role.  
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