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NOMENCLATURE 

𝜂𝑇 thrust efficiency 

𝑚𝑖 ion mass, kg 

𝐼𝑎 acceleration current, A 

𝜂𝑢 propellant utilization efficiency, % 

𝜂𝑎 acceleration efficiency, % 

𝜂𝐸 beam energy efficiency, % 

𝑉𝑚 average beam-ion energy, eV 

𝛽 coefficient of ion production 

𝑎 ion loss fraction 

𝜎𝑖(𝜐𝑒) atom ionization cross section, m2 

𝑛𝑎 atom number density, m-3 

𝑁𝑎 atom flow rate density, m-3s-1 

𝑉𝑎𝑧 z component of the mean value of atom velocity, m s-1 

𝑚𝐴̇  total mass flow rate through the accelerating channel, s-1 

𝐾𝜆 numerical factor 

𝐿𝑎 length of accelerating channel, m 

𝑉𝑑 discharge voltage, V 

𝑉𝑎 accelerating voltage, V 

𝑉𝑝 Plasma potential, V 

△ 𝑉 voltage loss parameter, V 

𝜂 anode efficiency  

𝑇 thrust, mN 

𝑣𝑒 average electron velocity, m s-1 

𝐼𝑑  discharge current, A 

𝑖 electron loss parameter 

𝑃𝑑  discharge power, W 

𝑚𝑝 mass of propellant atom, kg 

𝑒 electron charge, C 

𝜂𝑏 current utilization efficiency,% 

𝐼𝑏  ion beam current, A 

𝑛𝑖  ion number density, m-3 
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𝑣𝑖  average ion velocity, m s-1 

𝐴 cross-sectional area of the discharge chamber, m2 

𝑛𝑒 electron number density, m-3 

𝜂𝑚 mass utilization efficiency 

𝑚𝑏̇  ion beam mass flow rate, mg s-1 

𝑚𝑎̇  anode mass flow rate, mg s-1 

𝑚𝑐̇  cathode mass flow rate, mg s-1 

𝜂𝑣 voltage utilization efficiency 

𝐼𝑠𝑝  specific impulse, s 

𝑔 acceleration due to gravity, m s-2 

𝜏 measurement time, s 

𝐼𝑑̅ average oscillation discharge current, A 

△ oscillation amplitude 

𝑣𝑒𝑧  axial electron velocity, m s-1 

𝜗𝑒  electron collision frequency, s-1 

𝑚𝑒 mass of electron, kg 

𝐸𝑧 axial component of the electric field, V m-1 

𝑗𝑒𝑥  azimuthal electron current density, A m-2 

𝐵𝑟  radial component of the magnetic field, T 

𝑃𝑒 electron pressure, Pa 

𝑗𝑒𝑧  axial electron current density, A m-2 

Ω𝑒 electron Hall parameter 

𝜇𝑒𝑓𝑓 effective mobility  

𝜇𝑒𝑧 axial effective mobility 

𝜇𝑒𝑥 azimuthal effective mobility 

𝑇𝑒 electron temperature, eV 

𝜗𝑒𝑓𝑓  effective electron collision frequency, s-1 

𝐵 magnitude of the magnetic field, G 

𝜔𝑐  cyclotron frequency, s-1 

𝜙 plasma potential, V 

𝑐 speed of light, m s-1 

𝜗1 frequency of elastic collision, s-1 

𝜗2 frequency of inelastic collision, s-1 

𝜗𝑖  ionization collision frequency, s-1 

𝑏𝑐  accelerating channel width, m 

𝑞𝑖  propellant ion charge, C 
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𝜎𝑑𝑖
 atom ionization collision cross-section, m2 

𝐼𝑒  

𝐵𝑙  

𝛻𝜃𝐵𝑟  

electron current, A 

maximum local magnetic field in the azimuthal gradient region, G 

azimuthal magnetic field gradient, G/° 

𝑚𝑝𝑟𝑜𝑝 propellant mass, kg 

𝑚𝑓 final propellant mass, kg 

𝑣𝑏 ion beam velocity, m s-1 

RMS root mean square of discharge current, A 

𝑣⊥ velocity of electron perpendicular to magnetic field lines, m s-1 

𝑟𝐿 Larmor radius, mm 

k Boltzmann constant, J/K 

𝜃div half-divergence angle, ° 

  



 xxv 

SUMMARY 

Hall effect thrusters (HETs) are intended to function with a uniform axisymmetric 

magnetic field. Imperfections in the manufacturing process and electrical shorts that occur 

during operation might lead to the formation of non-uniformities in the channel. Azimuthal 

magnetic field gradients are one type of non-uniformity that can arise in the magnetic field. 

As a result, it is imperative to comprehend the impact of the non-uniform azimuthal 

magnetic field gradient on the thruster's performance. This thesis aims to quantify the 

alteration in thruster performance parameters, including efficiency, stability, and thrust, as 

a result of introducing an azimuthal magnetic field gradient. In order to achieve this, the 

thruster is modified to enable independent control of the outer magnetic circuit, which in 

turn allows the current to be adjusted. A three-dimensional sweep probe instrument was 

constructed to show how the azimuthal magnetic field gradient affects the thrust vector 

direction. The research results indicate that the azimuthal magnetic field gradient has the 

most significant impact on the thruster's stability, leading to increased instability during 

operation. The thrust and efficiency decrease as the gradient increases, with the thrust 

experiencing the most negligible impact. The introduction of the gradient is indicative of 

the thrust vector's deviation from the centerline, which leads to a three-dimensional shift 

in the thrust vector's position. The research offers a physics-based model to explain the 

observed trends in thruster performance that result from changes in the plasma parameters.
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CHAPTER 1 INTRODUCTION 

This chapter aims to provide the reader with an overview of electric propulsion (EP) 

and why it is an active choice for space propulsion. The chapter will provide the reader 

with knowledge about different kinds of EP systems. Subsequently, an overview of HET 

operating principles is presented with an elaboration of phenomena affecting the 

performance of HET. It highlights the crucial role of the magnetic field in HET operation 

through the review of magnetic field variations in HETs. The goal of this chapter is to 

provide a brief overview of the impact of magnetic fields on HET performance and 

emphasize the importance of exploring their effects on HET operation. The chapter 

progresses toward the motivation required to do the current research and establish the 

research objectives for the study. 

1.1 Electric Propulsion Overview 

Space propulsion has been an area of wide interest for a prolonged period. The 

industry started exploring different kinds of propulsion techniques since the early 

1600’s[1]. The propulsion techniques varied in terms of fuels and power, dictating how 

energy is utilized for thrust generated using the respective propulsion system[2,3]. 

Chemical rockets are primarily used for propelling objects outside the Earth’s 

atmosphere[4]. The propulsion systems are designed to provide the desired specific 

impulse and thrust as per the mission requirements. The amount of propellant required to 

conduct specific measurements is given by Equation 1. 



 2 

 

𝑚𝑝𝑟𝑜𝑝 = 𝑚𝑓[exp(
∆𝑣

𝑔 𝐼𝑠𝑝
) − 1] 

(1) 

The equation demonstrates the inverse relationship between mass requirement and 

impulse associated with mission requirement. The space mission strives towards the 

objective of achieving the highest impulse. The traditional space propulsion system, being 

chemical, relies on the energy stored in the chemical bonds to get converted during the 

combustion/ignition process to produce thrust. Based upon the state of the fuel utilized, the 

chemical propulsion system was categorized as solid, liquid, and hybrid propellant 

system[5–7]. Figure 1 provides the performance of various propulsion systems. 

Irrespective of the propellant kind, due to the chemical propulsion system relying on 

chemical bond energy, these propulsion means are limited in the amount of impulse that 

can be achieved. In such scenarios, the utilization of external sources of energy comes into 

play for the various space missions. EP systems utilize electrical energy to ionize and 

accelerate propellant particles to produce a plasma plume, enabling thrust production. EP’s 

ability to use external power sources allows it to produce high specific impulse, making it 

the ideal candidate for space missions[8]. 

EP devices have been continuously used for various space missions[9,10] and 

continue to be highly in demand for commercial satellite missions[11]. EP comprises of 

three types of devices: i.e., electrostatic, electrothermal, and electromagnetic[12,13]. 

Electrothermal devices use heating elements such as a resistor or arc to ionize the propellant 

particles and accelerate them through a nozzle to produce thrust. Examples of such devices 

are arcjet and resistojet. [12,14,15]. The electromagnetic propulsion system uses the 
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Lorentz force to accelerate ionized propellant particles using electric and magnetic fields. 

Examples of electromagnetic propulsion devices are pulsed plasma thrusters (PPT) and 

Magnetoplasmadynamic thrusters (MPDTs)[12,16,17]. Lastly, electrostatic EP devices use 

Coulomb force to accelerate the charged particles using electromagnetic fields, examples 

being Hall effect thrusters (HET) and gridded ion thrusters (GIT) [12,18,19]. When 

comparing all EP systems, HET has been widely used for space missions due to its 

simplistic designs and high impulse with high efficiency. To aid the development of high-

performing HET, it is crucial to understand the operating principles of these electrostatic 

devices. 

 

Figure 1 – Propellant mass requirement for different propulsion systems [20] 
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1.2 Hall Effect Thruster Overview 

1.2.1 Operating Principles 

The 1960s categorizes the beginning of the HET era in the United States, with  EP 

development taking place in the early-mid 1900s in the Soviet Union [21]. The HET 

propulsion mechanism is deemed electrostatic because it relies on an electric field to 

accelerate ions. High specific impulse, viable thrust-to-power ratio, simple annular 

structure, and high efficiency (~75%) result in the extensive use of this propulsion 

technology for LEO satellite maneuvers and commercial use[22]. Understanding the 

operating principle and science behind HETs is now crucial because of their continuous 

commercial usage and demand. 

HETs are electrostatic devices that provide thrust by the acceleration of ionized 

particles utilizing an electric field. HET propulsion system mainly consists of an anode, 

cathode, magnetic circuit, and ceramic discharge channel, as shown in Figure 2. Propellant 

is supplied through the anode, which consists of slotted plates with openings through which 

the propellant flows to the discharge channel. The anode is maintained at a positive 

potential utilizing an external power supply. The cathode is an essential component of the 

system. It can be externally mounted [23] and centrally mounted [24], as shown in Figure 

3. The cathode is maintained at a negative potential and supplies electrons necessary for 

the ionization of the propellant gas as well as to maintain the plume's quasi-neutrality. The 

HET discharge channel is made of ceramic due to its electrically insulating nature, high 

thermal conductivity, and thermal shock resistance. The ceramic channel helps reduce wall 

emission and anode power loading effects observed in the case of TAL thrusters [25]. 
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Lastly, the magnetic circuit present in the HET consists of either a configuration of 

permanent magnets or inner and outer coils. The magnetic circuit provides the magnetic 

field requirement for the confinement of electrons for stable operating conditions. The 

electric field is produced using an external power supply to maintain the potential 

difference between the cathode and the anode. 

 

Figure 2 – Schematic representation of HET components [26] 

E 
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Figure 3 – Externally mounted cathode on NASA 173mV1 [23] (left) and centrally 

mounted cathode on H6[24] (right) 

 

Figure 4 – Cross-sectional view of ionization, acceleration, and neutralization process 

in HET. 
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HET receives its name from the Hall current. The Hall current is created when an 

electric field perpendicular to an applied magnetic field permeates the gases after ionization 

due to the guiding center's well-known E×B drift [27]. The radial magnetic field generated 

by the magnetic circuit and the axial electric field result in the azimuthal drift of the 

magnetically confined electrons. These electrons collide with the gas atoms, ionizing the 

gas, resulting in counter-streaming electron and ion currents. The ions accelerate by the 

potential difference due to the electric field, resulting in the thrust, and are neutralized in 

the plume by the neutralizing electrons supplied by the cathode. This neutralization results 

in a quasineutral plasma that reduces the near surfaces' electrification. The process involved 

in HET operation is mainly categorized into three parts: 1) neutral particle ionization, 2) 

ion acceleration, and 3) plume neutralization, as visualized in Figure 4. These processes 

are detailed to give the reader a better understanding of the plasma plume production 

processes in the thruster. 

1.2.2  Ionization 

The cathode supplies electrons through thermionic emission, which possesses 

distributions of thermal kinetic energy as they exit the cathode. The electrons are guided 

towards the anode by the electric field established in the discharge channel by the potential 

difference between the cathode and anode, also known as the discharge voltage. The 

magnetic field confines the electrons as they move across the channel, resulting in a close 

drift motion of electrons. The electric and magnetic field results in the development of the 

Lorenz force, which facilitates the drifting of the guiding center of the electrons 

azimuthally in the E×B direction. Electron transportation towards the anode causes an 

increase in the energy distribution possessed by the electrons. During the electron motion, 



 8 

interaction with neutral atoms results in inelastic collisions. Collisions of electrons 

possessing energy greater than or equal to the ionization potential of the propellant result 

in the ionization of the neutral atoms. Ionization collisions result in the production of an 

ion and low-energy electron. The electrons drift towards the anode after collisions and 

close the circuit by arriving at the anode. Ionization is impacted by various aspects such as 

the type of propellant, magnetic field, electric field, and the electron number density 

distribution [28]. 

Ionization occurs near the maximum magnetic field region, as seen in Figure 4. The 

region's location can be varied by changes in the magnetic field, thus affecting HET 

operation. 

1.2.3  Acceleration 

After the ionization process, the electrons transverse toward the anode while the 

ions get accelerated downstream toward the exit plane by the electric field established in 

the system. The number density distribution of electrons varies axially in the axial direction 

and peaks where the local magnetic field strength is maximum near the thruster exit plane. 

The localized potential difference is due to a change in the number density distribution of 

the electrons, hence accelerating ions in the direction of the exit plane. The ions, due to 

their large mass, possess a higher Larmor radius than the thruster dimensions, and hence, 

the motion of ions is unaffected by the magnetic field. 

The acceleration of the ions depends on the amount of discharge voltage utilized 

by the ions for acceleration. Thus, the acceleration voltage (10-15% of Vd) influences the 

thruster's impulse, thrust, and voltage utilization efficiency. Acceleration and ionization 
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processes are intertwined and cannot be distinguished as having clear boundaries during 

standard HET operation. 

1.2.4 Neutralization  

The accelerated ions exiting the thruster form a positive ion beam cloud. 

Neutralization becomes essential to avoid charge accumulation on the thruster and 

spacecraft and to maintain the plasma plume's quasi-neutrality. The recombination process 

of the ions and electrons takes place in the plasma plume, maintaining a charge-neutral 

environment during operation. Electrons are supplied by the cathode to the plume for 

neutralization. 

The brief overview of the three major processes occurring in the HET provides 

information regarding the various operating and plasma parameters that influence the HET 

performance. These parameters have been evaluated and investigated extensively to 

establish a direct relationship between the plasma parameters and the HET performance 

[28,29]. The magnetic field impacts the electron motion and distribution across the 

discharge channel, making it one of the most crucial and complex parameters influencing 

thruster performance. Hence, it is essential to analyze the magnetic field's effect on HET 

operation. 

1.3 Motivation 

The magnetic field’s crucial role in stable HET operation drives the research toward 

understanding various magnetic field effects significantly impacting HET performance. 

Magnetic fields are generated using either permanent magnets or an inner coil and outer 
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coils in concentric or non-concentric configurations. The magnetic field is axisymmetric 

for a conventional HET to establish uniform plasma generation. Magnetic field topology 

in the axial direction consists of concavity of magnetic field lines axial in both directions 

from the thruster exit plane, as seen in Figure 5a). 

 

a) 
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b) 

Figure 5 – a) Simulated magnetic field profile for the P5 thruster (IC: 3 A, OC: 2 A) 

b) Axial variation of the magnetic field at the centerline. 

1.3.1  Background on Axial Magnetic Field Gradient Effects 

 The compactness of the magnetic field lines across the discharge channel 

represents the magnetic field density. As shown in Figure 5b), the magnetic field density 

is significantly higher near the thruster exit plane and axially decreases away from the exit 

plane in both directions. The axial magnetic field gradient results in electron mobility 

variation across the magnetic field in the discharge channel. Axial magnetic field gradients 
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have been extensively researched to provide an understanding of the requirement of the 

gradient in the magnetic field [30–32]. Morozov [31] demonstrates the need for a vanishing 

magnetic field towards the anode to maintain current continuity. The axial gradient of the 

radial magnetic field ∇ B is varied along the discharge chamber centerline from the anode 

to the thruster exit. The study finds that the electron current fraction (Ie/Id) for the negative 

gradient is 0.85, the uniform gradient is 0.5, and the positive gradient is 0.35. The markedly 

higher electron transport for the negative gradient is attributed to increased plasma 

oscillations. The uniform gradient provides marginally stable operating conditions; hence, 

a positive gradient for the magnetic field is essential for stable HET operation. Gao [32] 

investigated the effects of axial magnetic field configuration on the plume characteristics 

for miniaturized cylindrical HETs. Current variations in the adjustment coil near the thrust 

exit plane provide axial magnetic field gradient variation. It is observed that under the 

lowest magnetic mirror field with a 44.8 G/mm axial gradient, a bulb-like plasma discharge 

region is radiated near the thruster exhaust with a divergence angle of 77°. The bulb-like 

plasma discharge gradually disappears with an increase in the upstream mirror-like 

magnetic field to 74.5 G/mm with a plume divergence angle of 65°, providing enhancement 

of anode efficiency from 16% to 28%. 
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Figure 6 – Thrust and anode efficiency as a function of the magnetic field gradient 

[32] 

 

1.3.2 Background on Radial Magnetic Field Gradient Effects 

While axial gradient effects are widely studied, radial magnetic field effects in the 

discharge channel are significant. Topology of the magnetic field in the discharge channel 

results in a radial distribution such that higher magnetic field density is present near the 

inner wall of the channel. The magnetic field density decreases in the centerline and 

increases near the outer channel wall—the variation in the density of the magnetic field 

results in the formation of a magnetic field mirror effect. As electrons travel along the 

magnetic field in the discharge channel, they experience variation in their velocities, 

resulting in oscillating motion in the radial direction, as shown in Figure 7. The motion of 

electrons in the radial direction is assisted by the local charge density buildup, resulting in 

the localized potential difference in the radial direction. 
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Figure 7 – Simulated results of electron trajectory predictions for a HET, in the 

radial-azimuthal plane (left), and in the axial-radial plane (right)[3]. 

 

Research has taken place to understand the role of the magnetic field gradient on 

HET operation [33–35]. Through the development of the 2-D plasma Flow Model, Keidar 

[34] established the relationship between the mirror effect and the potential distribution in 

the HET discharge channel. The research presents that the magnetic field gradient affects 

important flow characteristics, such as the radial presheath potential decrease, the presheath 

length, and the two-dimensional potential shape in the channel. The mirror effect is said to 

influence the potential line shape, resulting in ion motion variation through the discharge 

channel. A higher magnetic mirror ratio influences the concavity of potential profiles such 

that a stronger ion focus occurs in the exhaust area. This information is essential for 

improving the current state-of-art models used for HET plasma flow simulations. Yu et al. 

[35], utilizing the test particle method, highlighted the asymmetric radial electron mobility 

due to the magnetic mirror effect. Through theoretical analysis, we know that the near-wall 
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electron mobility is inversely proportional to the magnetic mirror ratio, thus preventing 

electron wall collision. Jiang [33] also investigated the mirror effect in cylindrical HETs. 

The magnetic mirror effect on the electron density and temperature is understood 

using a 2D axisymmetric particle-in-cell (PIC) code [36–40]. The electron temperature 

reaches the maximum (38.4 eV) at the strongest magnetic mirror, along with a temperature 

barrier between channel walls. In addition, the research evaluates the effect of a magnetic 

mirror on the secondary electron yield rate, propellant utilization, and multi-charged ion 

dynamics. The results display that the largest magnetic mirror ratio can maximize and 

elevate the average yield rate by increasing electron energy. The magnetic mirror effect on 

the potential distribution is the reason for the electron energy increase. The relationship 

between thruster performance parameters and magnetic mirror is discussed, with the 

highest magnetic mirror ratio resulting in the maximum propellant utilization efficiency. 

Despite all the benefits, the magnetic mirror effect possesses disadvantages regarding wall 

erosion. 

Studies on the axial and radial magnetic field effects have effectively contributed 

to establishing the crucial role of the magnetic field in HET operation [41–46].This results 

in the utmost need for the development of a performance model that highlights the 

relationship of the magnetic field on the thruster performance parameters using plasma 

parameters to provide a complete understanding of the dependency on the magnetic field. 

In conventional HET operation, the magnetic field is also considered axisymmetric. 

However, engineering production issues can lead to manufacturing faults in HET 

components[22], resulting in a non-uniform magnetic field. The non-uniformities in the 
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magnetic field can be observed azimuthally in the channel in various conditions resulting 

from electrical shorting, material processing, and geometrical constraints.  

Azimuthal magnetic field gradients forming as a result of manufacturing defects, as 

well as in devices possessing thrust vectoring capabilities, provide the platform to explore 

these magnetic field gradients. It is essential to understand how variations in the radial 

magnetic field strength in the azimuthal direction affect the thruster's performance 

parameters to address the current requirement for the efficient production of HET 

components and a high success rate in qualification testing. This will assist in accurately 

quantifying and predicting the resulting effects on thruster performance. Quantification 

enables quality assessment through performance prediction and optimizing the 

manufacturing and testing process. This current research drives towards providing 

knowledge on the impact of magnetic field gradient on HET performance and a pathway 

to extend it to understand the impact of azimuthal magnetic field gradient on HET 

performance and stability utilizing plasma parameters. 

1.4 Research Question 

In this chapter, we have established a solid foundation for processes associated with 

HET and the impact of different parameters on the performance of the HET. In previous 

research, we emphasized the impacts of axial and radial magnetic field gradients. The need 

for a performance model emphasizing the effects of magnetic fields on particle dynamics 

that affect the performance of the thruster is well established. The effect of particle 

dynamics on plasma parameters and thruster performance necessitated magnetic field 

optimization for thruster performance. While previous studies yielded data regarding 
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symmetrical magnetic fields, none revealed the underlying mechanism or the effect of 

magnetic fields on the dynamics of charged particles and also how the performance gets 

affects by non-uniformities in the magnetic fields. Previous computational studies on 

azimuthal asymmetry needed to be more comprehensive in offering an explanation for the 

observed effects. These discussions bring us to the thesis's research question: 

“How does azimuthal magnetic field gradient affect Hall effect thruster performance and 

stability?” 

1.5 Objectives 

The principal objective of this study is to estimate the impact of azimuthal magnetic 

field gradients on HET performance. In order to gain insight into the influence of the 

magnetic field on the processes of ionization, acceleration, and, ultimately, the 

performance of the thruster, is required to establish a correlation between the magnetic 

field and plasma properties. To accomplish the aims, the subsequent objectives are: 

1) Determine the relationship between the magnetic field, electron temperature, and 

electron number density. 

2) Describe the relationship between azimuthal magnetic field oscillations and discharge 

current oscillations. 

3) Determine correlations between thrust and efficiency in relation to variations in the 

azimuthal magnetic field  
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4) Offer an analysis of the influence of azimuthal gradients on the performance of HETs 

by incorporating variations in plasma properties. 

1.6 Assumptions and Approach 

1.6.1 Assumptions 

The investigation of plasma physics consists of various challenges owing to its 

intricate characteristics. The first challenge is establishing a link between 3-D varying 

plasma properties across the plume and thruster performance. In this case, we will consider 

the plasma properties measurement at the centered radial location of the discharge channel 

width to eliminate radial variations in plasma properties. The model is simplified to address 

the impact of the magnetic field in the region of the maximum magnetic field, thus reducing 

it to a one-D model to provide a theoretical relationship between the magnetic field and 

performance. The thesis progresses to discussing the axial variations of various parameters 

presented. In the case of an azimuthal magnetic field, the model observes parameters at the 

plane of maximum magnetic field location within the channel. A cartesian coordinate 

system is used instead of a radial coordinate system to provide a simplified solution. The 

model considers a small area under observation in the channel exhibiting variation in the 

magnetic field. The model consists of analyzing electron motion along the azimuthal 

gradient region in the absence of magnetic mirror effect variations. 

1.6.2 Approach 

The second obstacle that arises in the case of azimuthal gradient is the visualization 

and measurement of plasma properties in order to determine their stability and efficiency. 
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The present probe configuration yields measurements at a radial distance of 1 meter by 

scanning the thruster's center plane. This data is then extrapolated for 3-D plume 

characteristics while assuming symmetry. In order to gain insight into the fluctuations in 

the charged particle's properties and the distribution of the plasma plume caused by the 

asymmetric magnetic field, it is necessary to fabricate a 3-D probe scan arm that facilitates 

a 3-D Faraday probe scan. The Faraday probe provides current density data about the 

plume. The proposed design for a hemispherical sweep apparatus entails the incorporation 

of a motorized setup enabling measurements to be conducted in a 3-D planar format, 

facilitating the assessment of the thruster's plume. The probe's trajectory is a circular path 

with a radius of 1 meter. The apparatus incorporates a gear mechanism to regulate and 

manipulate the movement of the probe. This sweep apparatus design enables future probe 

deployments for facilitating precise data measurement. 

The initial investigations and subsequent model development establish a correlation 

between the magnetic field, electron temperature, and plasma properties. The created 

model undergoes modifications to examine the impact of the azimuthal magnetic field 

gradient. This modification is achieved by including localized magnetic field changes 

inside the channel near the exit plane. The model is modified to convert the radial 

coordinate system to cartesian coordinates for analysis of electron motion. Analyzing 

electron motion in the azimuthal direction makes it possible to quantify the variation in 

plasma properties along the azimuthal direction. 
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CHAPTER 2 BACKGROUND 

Analyzing the plasma properties that have an impact on the performance metrics 

helps promote a better understanding of the performance of HETs. Several studies have 

been undertaken to establish a solid foundation for evaluating the performance of HETs. 

This chapter will examine several experimental and computational performance studies 

that have been performed to understand the operational parameters that impact the thrust 

and efficiency of HETs. In this chapter, we investigate the conventional HETs having 

uniform magnetic fields and non-conventional HETs that possess non-uniformities in the 

magnetic field by virtue of their channel shape. These non-conventional HETs provide a 

case where non-uniformities in the magnetic field are present, allowing for an overview of 

the effect of these non-uniformities on the performance of the thruster. 

2.1 Parametric Effects on HET Performance  

2.1.1  Experimental Studies 

Komurasaki[47] investigated the performance and acceleration mechanisms of 

HETs, employing experimental thrust and beam property measurement techniques. HET 

utilized in this work comprised of standard components found in typical HET systems, 

including an anode, cathode, and magnetic circuit. The performance of the HET was 

evaluated by employing a pendulum-type thrust stand. A linear differential transformer 

was used to convert the thrust stand's deflection into electricity. The thrust stand was 

comprised of a copper plate that was cooled by water in order to mitigate any potential 

fluctuations in the signals used for thrust measurement. The measurement of the ion beam 
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was conducted by positioning an ion beam collector at a distance of 10 cm downstream 

from the thruster exit plane. The energy distribution of ions was acquired using a multi-

grid energy analyzer using a negatively-biased collector. Langmuir probes were used to 

learn about plasma parameters and how they affect thruster performance. Performance 

measurements were derived using the following equations. 

 
𝜂𝐸 = (𝑉𝑚/Va) 

(2) 

 𝜂𝑢 = (𝑚𝑖𝐼𝑏/𝑚𝑎̇ ) 

(3) 

 
𝜂𝑎 = 𝐼𝑏/𝐼𝑎  

(4) 

 
𝜂𝑇 = 𝜂𝑢𝜂𝑎𝜂𝐸  

(5) 

 

𝑇 = 𝐼𝑏√2𝑀𝑉𝑚/𝑒 
(6) 

 

𝜂𝑎 =
𝛽(1 − 𝑎)

𝛽(1 − 𝑎) + 1
 

(7) 
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Table 1 – Thruster operating and performance parameters of SPT [47] 

 

Operating parameters, including the acceleration voltage and propellant mass flow 

rate, were deemed to have an impact on 𝛽 in Equation 5, whereas the thruster geometric 

parameters determined a. Additional assessment of the efficiency of ion acceleration via 

the constructed model indicated that an increase in both the mass flow rate of the propellant 

and the acceleration voltage led to a corresponding enhancement in acceleration efficiency. 

While neglecting beam divergence and double charge effects, as shown in Table 1, a fair 

agreement was established between the thrust and acceleration efficiency as determined 

through the experimental data. The acceleration efficiency was established as a 

predominant factor of thrust efficiency. The analysis presented in this research paper [47] 

offers a solid foundation for establishing a correlation between plasma properties, 

especially mass flow rate, and the performance parameters of a thruster, such as 

acceleration efficiency. 

Kim [48] investigated the impact of primary physical characteristics and processes 

on the performance of SPTs, explicitly focusing on the ionization process and ion dynamics 

within the channel. The mass flow rate was stated as an essential parameter for achieving 
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optimized thruster performance in terms of high efficiency, thus making it the primary 

focus of the work. As seen in Equation 8, ionization dynamics were depicted in terms of 

number density variation. 

 
𝑑𝑛𝑎

𝑑𝑡
= −(𝜎𝑖𝜐𝑒)𝑛𝑒𝑛𝑎 

(8) 

 
𝑑𝑁𝑎

𝑁𝑎
 =  − 

(𝜎𝑖𝜐𝑒)𝑛𝑒

𝑉𝑎𝑧
d𝑧 

(9) 

 

𝜆𝑖(𝑧) =  
𝑉𝑎𝑧

(𝜎𝑖𝜐𝑒)𝑛𝑒
 ≈  𝑐𝑜𝑛𝑠𝑡 

(10) 

 
𝑚𝐴̇

𝑚𝑖𝐴
 ≥  

𝑣𝑖𝑉𝑎𝑧

(𝜎𝑖𝜐𝑒)𝐾𝜆𝐿𝑎
 

(11) 

 

Figure 8 – Discharge current and ion-to-discharge current ratio as a function of 

magnetic field [48] 
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Figure 9 – Discharge current, cosβ, and ion-to-discharge current ratio as a function 

of the axial magnetic field gradient for discharge voltage of 160, 260, and 320 V [34]. 

 

The ion flow rate density distribution was employed to achieve high ionization 

efficiency, supported by experimental data. Through the I-V graph, ion current was 

observed equating to current associated with acceleration voltage at the corresponding 

mass flow rate. The rate of magnetic field induction in managing electron current was 

demonstrated using classical conductivity in plasma in the acceleration area of HET. 

Maximization of Ii/Id resulted in maximum ion yield, and experimental findings confirmed 

the requirement as a criterion for magnetic field optimization Figure 8. The study 

emphasized the relevance of magnetic field topology for concentrating ion flow by 

asserting the function of magnetic field topology in influencing the electric field structure 

responsible for ion trajectory variation. The effect of a radial magnetic field gradient on 

impeller parameters was also investigated, as shown in Figure 9. The discharge current 
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reduced as the radial magnetic field gradient increased. In contrast, the ion yield ratio 

peaked at around 30 (1/m) and subsequently fell. The intricate characteristics of the plasma 

process occurring in the HET necessitate the creation of a model that elucidates 

the electrons and plasma dynamics within the acceleration channel. 

Hofer [49] presented a comprehensive performance model that incorporates 

utilization efficiencies for partially ionized plasma, with the aim of examining the influence 

of electron and ion current on thruster performance. To calculate properties that are 

difficult to measure with a probe, the performance model supplied a combination of 

thruster performance and plasma parameters. The correlations in this study establish a 

connection between the dynamics of charged particles and plasma properties. These 

connections specifically emphasize the impact of accelerating potential on the ion velocity, 

affecting both thrust and efficiency. 

 
𝑉𝑑 = 𝑉𝑎 +△ 𝑉 

(12) 

 

𝜂 =
𝑇𝑣𝑒

2𝐼𝑑𝑉𝑑
= (1 −

△ 𝑉

𝑉𝑑
) (1 − 𝑖) 

(13) 

 

𝑇 = (1 − 𝑖) (
𝑃𝑑

𝑉𝑑
)√

2𝑚𝑝(𝑉𝑑 −△ 𝑉)

𝑒
 (14) 

The study provided performance parameters as a function of acceleration voltage 

or a combination of discharge and loss voltage. The model worked effectively for power 
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ranges between 2.16 and 21.60 kW and also performed well in multi-charge plasma 

conditions. The predictions generated by the models were evaluated by comparing them 

with the experimental data. The results indicated a relatively high level of accuracy, with 

deviations of less than 5% seen in most cases, as depicted in Figure 10. Both the modeled 

calculations and the data gained during testing revealed that increasing the discharge 

voltage led to an increase in the specific impulse as well as the efficiency of the thruster. 

The estimated thrust closely mirrored the experimental behavior of thrust with changes in 

discharge voltage. Figure 10 illustrates various data trends and established relationships. 

 

a) 
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   b)  

 

c) 

Figure 10 – Thruster performance parameter variations as a function of discharge 

voltage change a) Anode specific impulse b) Anode efficiency c) Thrust [49] 
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Despite extensive studies on the correlation between operational parameters (such 

as mass flow rate and magnetic field) and the impact on ion dynamics and thruster 

performance, there still needs to be a more comprehensive investigation into the specific 

impacts of magnetic fields on electron dynamics.  

2.1.2 Computational Studies 

Regardless of the extensive use of experimental data in the development of a wide 

range of models, the analytical estimation of charged particle motion and its impact on 

thrust performance remains a significant challenge. Computational models were developed 

to enhance the understanding of thruster performance parameters and plasma 

properties[50–55]. Garrigues[51] developed a quasi-neutral one-dimensional hybrid model 

to predict SPT performance parameters. The model considered ions as particles and 

electrons as fluids while retaining quasi-neutrality. The assumption of quasi-neutrality, 

although helpful in simplifying the governing equation and finding solutions, led to 

inaccurate estimates of ion density and, consequently, the electric field. In order to simplify 

this process, the equation for electron momentum was altered to exclude the diffusion term. 

Subsequently, the model was employed to forecast the impact of alterations in the 

propellant, the applied voltage, and the anode mass flow rate on the performance of SPT-

100-ML. As predicted by modeling, the thruster efficiency at an operational voltage of 300 

V deviated from the experimental data by 10%. The modeling results underestimated the 

thrust by approximately 15 mN for the operational voltage range of 150-400 V. The 

specific impulse exhibited a discrepancy of 200 s between the model and the experimental 

result conducted at 350 V. After analyzing the performance of various propellants, it was 

determined that the calculated thrust remained consistent for both krypton and xenon 
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despite a 10% difference in efficiencies. The discrepancies between the simulation and 

experiment performance characteristics were attributed to higher-order ionization states 

caused by the low energy threshold necessary for excited state ionization. Although the 

prediction model did not yield precise results, it facilitated the comprehension of the 

various processes occurring within the channel, enhancing future models through 

optimization. 

Theoretical and computational studies primarily focus on HETs with a uniform 

magnetic field. The fundamental assumption of a uniform magnetic field significantly 

influences the precision of the model; hence, it is crucial to investigate the impact of non-

uniformities in the magnetic field. The next section presents a comparison of conventional 

and non-conventional HETs possessing uniform and non-uniform magnetic fields, 

respectively. 

2.2 Conventional HET 

Conventional HETs were developed to provide uniform plasma with unchallenging 

construction[13]. Various design studies continue to take place to optimize HET design 

and performance[56–58]. After various iterations of the design, the current conventional 

design of HET with circular channel was deemed suitable for carrying out various mission 

across wide range of operation. 

Now, looking at conventional HET, the channel shape is cylindrical to allow ease 

of construction. The cylindrical channel shape has various advantages [26]. Characteristics 

of conventional HET channels allow for the magnetic field to be uniform and radially 

outwards from the inner to the outer coil, as seen in Figure 11. While the magnetic field is 
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uniform radially, there is an axial variation of the magnetic field such that the peak 

magnetic field occurs around the exit plane near the front pole typically present inside the 

thruster discharge channel. Various research has been conducted in evaluating the 

advantage of axial magnetic field gradient as seen in section1.3.1. 

 

Figure 11 – Conventional HET components and configuration [59] 

 

Electrons, while transversing through the magnetic field, are magnetized. Thus, as 

the magnetic field decreases axially across the exit plane in both directions, i.e., towards 

the anode and the cathode, the variation in the magnetic field strength results in varying 

resistance and thus disparity in electron velocity in the axial direction. The electrons being 

magnetized move along the magnetic field lines. While moving along the magnetic field, 

the radially uniform magnetic field with the axial electric field allows for the electrons to 

experience the E×B drift due to the Lorentz force. 
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𝐹 = 𝑞(𝐸 + 𝑣𝑋𝐵) 

(15) 

The EXB drift is experienced by electrons inside the channel. The E×B drift causes 

the electrons to drift in the azimuthal direction as seen in Figure 7. The circular discharge 

channel shape allows for the electron drift mechanism to occur smoothly without high wall 

collisions and physical interruptions. This drifting mechanism allows an increase in the 

possibility of collision of electrons in the channel with the neutrals to result in the ionization 

of the propellant. The electron azimuthal drift constitutes the Hall current as the name 

suggests. Hence, the uniform radial magnetic field and electric field play a huge role in the 

operation and processes associated with HET as discussed in Chapter 1. 

2.3 Non-Conventional HET 

  The need to develop a propulsion system with high efficiency for small satellites 

has resulted in the development of low-power HET technology. While the core operating 

concept remains the same, alternative designs of the HET channel aim to provide improved 

packing efficiency as well as advantages that improve HET operation. 

  Numerous design initiatives have led to the investigation of various methods for 

enhancing HET operational capabilities. To increase the thruster's overall efficiency, the 

two-stage HET is developed as the result of an investigation of the separation and 

optimization of ionization and acceleration independently[60]. The spacecraft employs 

many hall thrusters during operation. The circular shape of the HET channel leads to low 

packing efficiency, resulting in wasted space. Proposed modifications to the discharge 
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channel shape aim to optimize the packing efficacy of HETs. Numerous research projects 

have investigated the performance of different channel-shaped HETs, such as linear, 

cylindrical, racetrack, and wall-less. 

Pote[61] at Busek Co. Inc. initiated the development of a novel non-circular 

racetrack HET, BHT-RT-150, and later on, a higher aspect ratio design, BHT-RT-1500. 

The racetrack geometry consists of semi-circular halves of the conventional circular HET 

connected by straight sides, giving a symmetric racetrack cross-section. This unique 

discharge geometry is believed to increase geometric flow area by scaling the thruster only 

in the linear direction to eliminate the negative thrust density scaling trends. The racetrack 

geometry fulfills the specified criteria, which includes a small ion gyroradius, a continuous 

closed electron drift plasma, and the prevention of electron collisions with the walls. These 

factors present compelling evidence for the potential of racetrack geometry to exhibit 

performance on par with that of the standard HET. 

The racetrack HET exhibits comparable behavior to the conventional HET in terms 

of thrust-to-power ratio and I-V changes at low voltages. The thruster produces an 84 mN 

thrust at 1,675 W and 350 V discharge with a single magnet coil, equating to an anode 

efficiency of over 41% and an anode-specific impulse of 1,678 s. Unfortunately, non-

uniform discharge characteristics are observed at elevated discharge voltages. The 

discharge intensity increases in the curved sections of the racetrack, accompanied by a 

noticeable abrupt change in the brightness of the plasma at the upper left and lower right 

corners. A uniform magnetic field magnitude and a uniform flow distribution at the 

centerline leads researchers to attribute the asymmetric brightness to the electron drift 

motion. An additional factor suggested to play a role in the observed non-uniformity is the 
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radial fluctuation of the B-field. The radial magnetic field exhibited minimal gradient 

throughout the straight segment of the racetrack, while a substantial gradient is present in 

the curved segments. This observation implies the necessity of optimizing the magnetic 

field topology across the channel. 

  While the majority of thrusters were not tested for an extended time to observe the 

effects due to stability issues, a racetrack channel configuration study[62] offers valuable 

insights into erosion processes. The channel erosion is visible in the darkening of the 

discharge channel wall, as shown in Figure 12, and is primarily assessed based on the 

magnitude of power deposition on the channel's wall. Although visual inspections have 

identified areas of power or electron bombardment on the channel walls through 

discoloration or luminescence, the underlying cause of these wall losses remains 

uninvestigated. Wall losses are the dissipation of incoming particles' kinetic energy as they 

collide with the wall. The evaluation of wall losses considers the high energy of electrons 

and ions. 

 

Figure 12 – The non-uniform erosion observed in the Pseudo Linear Thruster [62]. 
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  Numerous studies assess energy deposition on the channel wall due to sputtering as 

a function of the sheath potential, electron temperature, and radial ion velocity. E×B drift 

and inertial effects of electron motion during the transition from a straight section with a 

uniform magnetic field to a curved section with a radially varying magnetic field account 

for the increased power deposition. Through the review of the racetrack HET, the essential 

role that the magnetic field played in the operation of HET is highlighted. The racetrack 

HET exhibits non-uniform dispersion of magnetic field lines along its channel during 

operation. Compacted magnetic field lines in circular sections contribute to an increase in 

the intensity of the magnetic field within the section. Changes in the magnetic field tend to 

impact the inertial motion of electrons emanating from the straight section. The electrons 

coming from the straight section encounter a drastic change in the strength and direction 

of the magnetic field, which forces the electron to deviate from the straight path motion. 

However, as a consequence of the high velocity of the electron and the abrupt change in its 

trajectory within the channel, the electron lacks adequate time to respond to this shift. 

Consequently, it deviates from the theoretically expected direction of motion. The 

alteration in motion leads to the accumulation of charge at the beginning of each circular 

segment, hence increasing the number density, frequency of collisions, and temperature. 

The increase in temperature leads to an escalation in the thermal erosion of these wall 

sections, a phenomenon that is considered unfavorable. To allow better operation of non-

conventional HETs the magnetic field topology requires modification and optimization 

with respect to the channel shape. Studying the geometry of the channel and the magnetic 

circuit governing electron transport in the channel is thus crucial for the advancement of 

non-conventional HET channel design. 
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  The evaluation of non-conventional HETs where non-uniform magnetic field 

effects are observed provides a stepping stone to study the potential impact of non-uniform 

magnetic fields on HET performance. Non-conventional HETs are one case where such 

gradients are observed; however, manufacturing defects can cause magnetic field non-

uniformities to occur in conventional HET[22]. 

2.4 Azimuthal Magnetic Field Asymmetry  

Now, to evaluate the effect of the azimuthal magnetic field gradient effect, few 

computational studies have been conducted. A study conducted by Lazurenko[63] aimed 

to generate a three-dimensional model of atom and ion dynamics within the accelerating 

channel of SPT, utilizing the kinetic equation. Throughout history, models have been 

devised to analyze axisymmetric magnetic field conditions, sometimes disregarding any 

potential asymmetry of the magnetic field within the channel. A three-dimensional numeric 

model was developed rather than a conventional two-dimensional model.  

To address the conditions and consequences of a non-axisymmetric magnetic field 

in HETs, one of the potential applications of asymmetric magnetic fields that was taken 

into consideration was for thrust vectoring. Deviation of thrust vector for SPT-100 by 

azimuthal magnetic field asymmetry was simulated by the creation of eight additional coils 

and four additional outer poles at 300 V and 4.5 mg/s anode conditions. Allowing the 

electron temperature, potential, and number density to be constant and symmetric for 

inertial wall calculations resulted in a simplified model. The consideration of ion volume 

recombination was omitted to enhance the model's ease of compilation. The experimental 
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and simulated thrust and vector deviation findings showed a high degree of concordance, 

as shown in . 

 

Table 2 – Measured and calculated thrust and thrust vector deviation [63] 

 

Figure 13 – Distribution of a) ion flux density (m-2 s-1) and b) y-component of ion 

velocity (ms-1) at the exit plane [63] 

 

Using simulation techniques to analyze the distribution of ion flux density and 

velocity, visual evidence was obtained supporting the concept of thrust vectoring. Similar 

experiments were conducted on the PPS-flex[64] having a configurable magnetic circuit to 

analyze the potential use of the magnetic field for thrust vectoring. In order to enable the 

application of magnetic fields for thrust vectoring, the PPS-Flex design underwent 
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modifications by augmenting the quantity of independent magnetic flux circuits, hence 

deviating from the conventional HET design. As a result, an efficient four-stage 

construction was developed, utilizing 22 coils to operate the thruster. The magnetic circuit 

architecture had four inner coils, four outer stages with four coils connected in series, and 

two back coils. A total of 10 distinct power supplies were employed to energize the 

magnetic circuit for the operation of the HET. The experiment involved testing 

approximately 100 distinct magnetic field configurations with varying lens angles for the 

magnetic field lines in the PPS-Flex device, which was operating at 250 V and had a 

discharge current of 4.28 A. The research gave valuable insights into the uniform 

configuration with the maximal magnetic field near the exit plane, which is the most 

optimal state of thruster performance. Although the study did not advance in tracking the 

thrust vector, it provided valuable knowledge of the operation of the thruster. A more 

comprehensive understanding of ionization and acceleration variation is necessary to 

establish a correlation between magnetic field gradients and plasma phenomena. 
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CHAPTER 3 THEORETICAL MODEL DEVELOPMENT 

AND VALIDATION 

 

While the previous performance model[49] did offer valuable insights into the 

potential fluctuations in thruster performance, its failure to investigate the underlying 

theoretical and physical processes thoroughly underscores the necessity for the present 

research. This research aims to build a better knowledge of the impact that azimuthal 

gradients have on plasma parameters and thruster performance, as well as to explore the 

possibility of estimating thrust vectoring based on azimuthal asymmetry. 

The current chapter discusses a model employed for comprehending the influence 

of magnetic fields in the context of plasma physics that relies on a simplified premise 

regarding the dynamics of electrons and ions in a HET. The knowledge acquired through 

the study of various models in  Chapter 2 provides a framework for an overview of plasma 

processes affected by magnetic field variations. The complex non-linear dependence of 

plasma parameters on the particle dynamics features of a three-dimensional plume is the 

key issue in designing this model. The new model is simplified by incorporating one-

dimensional electron motion dynamics and emphasizing gradients in plasma properties and 

thruster operating parameters. The model is then modified for taking into account the 

presence of azimuthal magnetic field gradient, to provide the impact of such gradients on 

the plasma parameters and thruster performance. 
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3.1 Axial Variation of Properties 

The primary focus of discussion in HET pertains to the radial magnetic field. The 

magnetic field produced by the inner and outer coil can be observed and represented by 

magnetic field lines. Examination of the magnetic field distribution displays that the field 

exhibits a radial increase from the inner channel wall to the outside wall. When examining 

the axial variation of the magnetic field, it is evident that the magnetic circuit generates a 

peak near the exit plane, after which the field decreases axially in both directions. Changes 

in the position of the magnetic field peak lead to corresponding changes in the locations of 

the ionization and acceleration regions. 

The axial magnetic field gradient is required to limit electron velocity and prevent 

it from bombarding the anode and causing instabilities. A positive magnetic field gradient 

is associated with more stable HET operation, according to research examining positive, 

negative, and zero magnetic field gradient conditions in the context of HET operation [22]. 

An additional gradient observed in the HET channel is the electric field gradient. 

This gradient is produced by the difference in potential between the cathode and anode, in 

addition to the influence of electron number density on the localized potential. The 

variation in electron number density is detectable as a consequence of the gradient in the 

magnetic field, which induces changes in the energy of electrons as they traverse and move 

along the magnetic field. An increased magnetic field strength leads to enhanced electron 

confinement, causing variations in the number density across the plasma plume and thruster 

channel. The density of electrons directly influences the observed localized potential. 

Elevated electron number density reduces the local potential, thereby inducing the 
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formation of an electric field. The location of the maximum electric field is slightly 

upstream of the maximum magnetic field. In addition to being contingent on the properties 

of the electron and magnetic field, the location can fluctuate in response to changes in these 

variables. 

The temperature of electrons is an additional feature that exhibits variation within 

the channel. The electrons in the plume are emitted from the cathode and possess an energy 

level of around 2-3 eV, exhibiting limited thermal energy. As electrons approach the anode, 

they encounter fluctuations in the magnetic field. The confinement of electron mobility 

across the magnetic field causes ohmic heating and an increase in electron temperature due 

to the magnetic field's resistance. When electrons attain an energy level that is equivalent 

to or exceeds the ionization energy of the neutral atom, the collision process induces a 

reduction in electron temperature. Consequently, this leads to variations in electron 

temperature along the HET channel. 

3.2 Theoretical Magnetic Field Performance Model  

The development of a model to evaluate the behavior of electrons and ions and their 

impact on plasma characteristics is a highly intricate and demanding task. Several critical 

assumptions and conditions are employed to isolate the impact of the magnetic field on the 

operation of the HET. The fundamental assumptions are as follows:  

1) The anode mass flow rate is constant. 

The mass flow rate is kept constant throughout the HET operation, thus eliminating the 

study of its influence on thruster performance. 
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2) Discharge voltage is constant. 

Constant discharge voltage is maintained in the HET to observe the change in discharge 

current with respect to the change in magnetic field. 

3) Only singly-charged particles are considered. 

The present model assumes that plasma exclusively comprises of particles with a single 

charge and does not address the generation of particles with multiple charges. 

4) The gradient of the overall magnetic field is constant; however, there may be localized 

variations in the channel. 

The magnetic field magnitudes vary such that the gradient from the anode to the thruster 

outlet remains constant while local gradients vary across the channel. 

5) Facility and cathode effects 

The impact of the cathode and the facility is disregarded in the present study, as the primary 

investigation focuses on the effects of the magnetic field generated by the thruster.  

In order to simplify the model, the Coulomb collisions and inertial effects are 

ignored throughout its development. The development of the model considers steady-state 

conditions and preserves the quasineutrality characteristic of the plume. 

3.2.1  Performance Parameters 

The HET performance model, as established by Hofer[22], offers a simplified well-

defined formulation for evaluating the efficiency, thrust, and specific impulse of a one-
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dimensional far-field quasineutral plasma. The performance parameters are expressed in 

terms of plasma properties and provide insights on the effects of the plasma properties on 

the HET performance parameter. 

Starting with the efficiencies, the current utilization for the thruster can be 

interpreted using the beam current and the discharge current. The current utilization 

efficiency can be further related to the ion and electron velocities that affect the ion beam 

current and discharge current. 

 

𝜂𝑏 =
𝐼𝑏
𝐼𝑑

=
𝑛𝑖𝑒𝑣𝑏𝐴

𝑛𝑖𝑒𝑣𝑖𝐴 − 𝑛𝑒𝑒𝑣𝑒𝐴
 

(16) 

The mass utilization efficiency metric indicates the degree of effectiveness in the 

conversion of neutral atom flux to ion flux. The utilization efficiency is a function of the 

ion beam current and the anode propellant mass flow rate for a specific propellant. 

 

𝜂𝑚 =
𝑚𝑏̇

𝑚𝑎̇
=

𝑚𝑝𝐼𝑏

𝑒𝑚𝑎̇
 

(17) 

Voltage usage efficiency refers to the efficient conversion of discharge voltage into 

ion acceleration and is represented as a function of the acceleration voltage experienced by 

the ions and the discharge voltage. 

 

𝜂𝑣 =
𝑉𝑎
𝑉𝑑

 
(18) 
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Finally, anode efficiency can be expressed as the total efficiency the HET 

possesses, indicating how much thrust is efficiently produced by the thruster from the 

power supplied. Total efficiency is determined by disregarding manufacturing and external 

defects such as the cathode and magnetic circuit. The total efficiency is also represented as 

combination of three utilization efficiencies, mass, voltage and current. 

 𝜂 =
𝑇2

2𝑚𝑎̇ 𝑃𝑑
 

(19) 

 
𝜂 = 𝜂𝑏𝜂𝑣𝜂𝑚 

(20) 

Another performance parameter used for categorizing HETs is thrust. Along with 

the ion flux, the thrust generated by the HET can be represented as a function of the velocity 

at which the ions depart the channel as known as the ion velocity. 

 

           𝑇 = 𝑚𝑏̇ 𝑣𝑏 (21) 

The estimation of specific impulse can be derived from the measurement of thrust 

and get influenced by the velocity imparted by the ions exiting the HET channel. 

 

𝐼𝑠𝑝 =
𝑇

𝑚𝑎̇ 𝑔
 

(22) 

Important parameters for determining the performance of a HET are its thrust, 

efficiency, and stability. Stability offers insights into the HET's effective practicality and 
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can provide comprehensive information regarding its operation under different conditions. 

Stability at an operating point not only helps in prolonging thruster operation but also result 

in efficient operation of the PPU systems. 

The magnetic field impacts HET stable operation, as demonstrated in previous 

studies, and it is an important parameter considered for performance in the scope of the 

current work. Naoji[65] defines stability as the ratio of the root-mean-square of discharge 

current oscillations to the discharge current observed under power conditions. This ratio is 

utilized to observe the effect of the magnetic field on the HET stability and will be 

considered as one of the stability parameters to observe during experimentation. 

 

△=
𝑅𝑀𝑆

𝐼𝑑
=

1

𝐼𝑑
√∫ (𝐼𝑑 − 𝐼𝑑̅)𝑑𝑡

𝜏

0

 (23) 

Along with the ratio of root-mean-square of discharge current oscillations to the 

discharge current, the magnitude of discharge current oscillation as measured by the peak-

to-peak oscillation percentage is also considered the critical indicator for stability with the 

change in magnetic field. 

3.2.2 Uniform Magnetic Field Effect on Plasma Parameters 

Having established the study's performance parameters, we now examine the 

impact of the magnetic field on them by analyzing the dependence of plasma parameters 

on electron and ion dynamics. Electrons traveling from cathode to anode encounter a 

magnetic field that causes Lorenz force to act on electrons and gyrate along the magnetic 

field. The combined effect of the gyration motion and the presence of an electric field in 
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the channel leads to the azimuthal drift of the guidance center. The purpose of this analysis 

is to characterize the movement of electrons within a channel centerline using the one-

dimensional momentum equation. In this scenario, we will disregard any inertial effects, 

wall collisions, and radial magnetic field gradients. 

 

𝜗𝑒𝑛𝑒𝑣𝑒𝑧
𝑚𝑒 + 𝑞𝑛𝑒𝐸𝑧 + 𝑗𝑒𝜃𝐵𝑟 +

𝑑𝑃𝑒

𝑑𝑧
= 0 

(24) 

The azimuthal current density relation with axial current density is provided by 

Hofer[22] as: 

 
𝑗𝑒𝜃

= 𝑗𝑒𝑧
Ω𝑒 

(25) 

Therefore, the electron's velocity can be expressed as a mathematical function of 

the magnetic field, number density, electron temperature, and electric field. 

 

𝑣𝑒𝑧
= 𝜇𝑒𝑓𝑓 [𝐸𝑧 −

1

𝑛𝑒

𝑑

𝑑𝑧
(𝑛𝑒𝑇𝑒)] (26) 

 

𝑣𝑒𝑧
=

𝑚𝑒𝜗𝑒𝑓𝑓

𝑒𝐵2
[𝐸𝑧 −

1

𝑛𝑒

𝑑

𝑑𝑧
(𝑛𝑒𝑇𝑒)] 

(27) 

The effective mobility at the channel exit is given by the following equation. 
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𝜇𝑒𝑓𝑓 =
𝑒

𝑚𝑒

𝜗𝑒𝑓𝑓

𝜔𝑐
2

 
(28) 

 

𝜇𝑒𝑓𝑓 ∝
1

𝐵2
 

(29) 

The effective mobility exhibits an inverse relationship with the square of the 

magnetic field. Consequently, as the magnetic field decreases below the optimum value, 

the velocity in the axial direction, i.e., across the magnetic field, increases. This deduction 

is based on the inherent confinement property of magnetic fields. By ohmic heating, we 

now know that the lower the confinement, the lower the temperature of the electron. 

Furthermore, according to Choueiri[66], this also applies to potential energy decrease. 

 

𝑇𝑒 = 𝛽𝑒𝜙 (30) 

As the electron traverses the channel, its potential energy increases due to 

collisions, leading to an accompanying increase in the electron's thermal energy. The 

relationship between the decrease in magnetic field and confinement, leading to a decrease 

in electron number density, has been discussed in previous studies. The correlation between 

electron number density and temperature is established as [67]. 

 

𝑛𝑒 ≥ 1.6𝑋1012𝑇𝑒

1
2(△ 𝐸)3 

(32) 
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Baranov [68] expresses the relationship based on empirical evidence as follows. 

 

𝐸𝑧
2 ≅ 𝐵2

(𝑇𝑒)𝑚𝑎𝑥

𝑚𝑒𝑐2

𝜗1

𝜗1 + 𝜗2
 𝑜𝑟 𝐸𝑧

2 ≃
𝐽𝑒𝑧𝐵𝑇0.5

𝑒

𝑛𝑒
  (32) 

The potential gradient varies in response to a decrease in the magnitude of the 

magnetic field, which consequently leads to a decrease in the magnitude of the electric 

field. Thus far, our discussion has centered around the electrons, the species that become 

magnetized in the discharge channel. While the magnetic field does not magnetize ions 

and, therefore, does not alter their direction of motion, it does impact the ionization process 

and the closely associated acceleration process. 

Consequently, the ions are affected, leading to variations in their overall motion 

and influencing plasma parameters. A decrease in the magnetic field below the optimum 

operating condition results in a reduction of the electron temperature, thereby decreasing 

the energy levels of electrons. The lower energy levels result in the shift of the ionization 

and acceleration region upstream towards the anode. Thereby, the length of the acceleration 

region increases, as represented by Kim [48]. 

 

𝐿𝑎 ≅ √
𝑚𝑉𝑑

𝑒𝐵𝑟
2

𝜗𝑒

𝜗𝑖
 (33) 

 
𝑉𝑑

𝐵𝑟
2𝐿𝑎𝑏𝑐

= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 , 𝐿𝑎 ∝
1

𝐵𝑟
 

(34) 
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As the magnetic field decreases, the ions experience an increase in potential for 

acceleration. However, due to the ionization and acceleration region moving upstream 

results in increase in loss voltage due to wall collision which consequently results in a 

decrease in acceleration voltage and ultimately decreases the velocity of ions. 

 

𝑣𝑖 = √
2𝑞𝑉𝑎
𝑚𝑝

 
(35) 

Further discussing potential, it is worth noting that the plasma potential denotes the 

electrical potential energy of the charged particles with respect to the ground. A decrease 

in electron temperature affecting the collision process results in a decrease in the plasma 

potential as the magnetic field decreases. These effects are incorporated in the performance 

parameters as follows. 

 

𝐼𝑑 = 𝑛𝑒(𝑣𝑒 − 𝑣𝑖)𝑞𝐴                            𝑣𝑒 ∝
1

𝐵
     𝐼𝑑 ∝

1

𝐵
 

(36) 

 

𝑇 = 2𝑛𝑖𝑞𝑖𝐴𝑉𝑎                            𝑇 ∝ 𝐵  ,   𝑇/𝑃𝑑 ∝ √𝐵 (37) 

 

𝐼𝑏 = 𝑛𝑖𝑞𝑣𝑏𝐴                           𝐼𝑏 ∝ 𝐵 
(38) 

 

𝜂𝑏 =
𝐼𝑏

𝐼𝑑
                          𝜂𝑏 ∝ 𝐵 

(39) 
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𝜂𝑚 =
𝑚𝑏̇

𝑚𝑎̇
   𝑚𝑏̇ ∝ 𝐵, 𝜂𝑚 ∝ 𝐵 

(40) 

 

𝜂𝑣 =
𝑉𝑎

𝑉𝑑
                          𝑉𝑎 ∝ 𝐵 

(43) 

 

𝜂 =
𝑇2

2𝑚𝑎̇ 𝑃𝑑
                        𝜂 ∝

1

𝐵
 

(42) 

Decrease in the magnetic field reduces the thrust and efficiency of the HET despite 

the increase in discharge current. This efficiency decrease is observed due to the influence 

of the magnetic field on electron motion being more pronounced. However, as the magnetic 

field decreases, the acceleration voltage and mass utilization efficiency decrease, further 

negatively impacting the thruster efficiency. 

Naoji[65] also introduced another set of stability criteria for HETs derived from 

experimental deduction. These criteria are expressed as the following: 

 

(𝐴𝑣𝑒)𝑒𝑥𝑖𝑡 − (𝐴𝑣𝑒)𝑎𝑛𝑜𝑑𝑒 − (𝜎𝑑𝑖
𝜗𝑒)𝑇𝑒

> 0 
(43) 

As the temperature of electrons decrease, the ionization cross-section decreases. 

This decrease in the velocity of electrons causes the left term to become more negative, 

resulting in instability. Thus, it is essential to understand how magnetic fields affect 

ionization and electron velocity. Based on this study, we believe that the farther we are 

from the optimal magnetic field for the thruster operating conditions, the greater the 
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likelihood of instability. However, the extent of these effects depends on how far we are 

from the optimal magnetic field configuration. 

 

Figure 14 – Predicted thruster efficiency variation as a function of magnetic field 

strength. 

 

Conducting further research in this field will aid in the validation of this assertion. 

Importantly, anomalous electron diffusion, wall collision, and thermal effects can alter the 

motion of electrons across a magnetic field, causing them to deviate from the stated 

relationship. In such cases, additional research is required to validate the theoretical 

deduction. The current model incorporates a deviation of the HET from the optimized 

magnetic field configuration to provide an overview of the effects. 

In order to substantiate the inferences drawn in the model regarding the impact of 

magnetic field variation on plasma parameters,  Chapter 4 discusses the experimental 
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investigation performed to observe the modifications in plasma parameters that the model 

highlights in response to thruster operating conditions accompanied by magnetic field 

variation below the optimum value. 

3.2.3 Azimuthal Magnetic Field Gradient Effects on Plasma Parameters 

The models previously devised assume a uniform magnetic field is present in the 

HET channel. A modified version of the model presented in the preceding section is built 

to investigate the effect of a magnetic gradient in the azimuthal direction on the plasma 

parameters that influence HET performance.  

The channel's azimuthal gradient enables the modification of properties in both the 

radial and axial directions. These gradients result in a complex three-dimensional problem 

that is exceedingly difficult to resolve. Consequently, it is necessary to make critical 

assumptions to facilitate the development of the model and establish a correlation between 

the azimuthal gradient magnitude and the thruster performance parameters. The present 

model is based on the following assumptions 1) The focus is solely on the azimuthal 

gradient, disregarding the radial gradient that is present in the channel 2) Ignoring the wall 

interactions, which could lead to losses as a consequence of recombination and electron 

emission 3) Developing the model at the maximal magnetic field region near the exit plane 

and disregarding the gradient in the axial direction. 

Now, when examining the specific area of interest in the channel, we divide it into 

two distinct regions. As depicted in Figure 15, region 1 denotes the presence of a uniform 

magnetic field with a high magnitude, while region 2 indicates the area where the magnetic 

field is decreased to establish an azimuthal magnetic field gradient within the channel. A 



 52 

detailed look at the area shows that electrons enter from the length border and depart from 

the right boundary, providing a clear visual of the process. 

 

Figure 15 – Azimuthal electron drift motion in the presence of azimuthal magnetic 

field gradient 

Electron trajectories in the HET plume and channel reveal mobility along the 

magnetic field and azimuthal due to the E×B field, promoting ionization and axial motion. 

Observing electron trajectories makes it apparent that the movement of electrons in the 

radial direction is influenced by energy conversion caused by the magnetic mirror effect, 

leading to oscillatory motion. The electron moves in a helical trajectory along the magnetic 

field with a gyroscopic radius known as the Larmor radius. The impact of the magnetic 

field on the Larmor radius is equilibrated to uphold energy conservation. This study will 

primarily concentrate on the azimuthal motion of electrons, which is dependent on the 



 53 

strength of the magnetic field and will be the primary focus of the investigation. Electron 

velocity in the region can be calculated as the sum of the velocity imparted to the electron 

along the magnetic field and the E×B drift velocity caused by the Lorentz force, which is 

a consequence of the presence of perpendicular electric and magnetic fields in the channel. 

 

ve⃗⃗  ⃗  = 𝑣⊥⃗⃗ ⃗⃗ + 𝑣(𝐸𝑥𝐵)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   
(44) 

 

𝑣𝑒   =
𝑒𝐵𝑟𝑟𝐿
𝑚

+
𝐸𝑧

𝐵𝑟
 

(45) 

As the magnetic field shifts from one location to another, the velocity along the 

magnetic field lines is balanced by the potential gradient in the radial direction. Therefore, 

no magnetic field impact is observed in the first term. Since we are investigating the 

influence of gradient in the azimuthal direction represented by x in Figure 15 , the existing 

model is utilized to discuss the effect of introducing the azimuthal gradient on the drift 

velocity component associated with the electron. The 1-D steady-state momentum equation 

provided in Equation 24 provides a suitable starting point for investigating the effects on 

plasma properties and HET performance while maintaining the same assumptions as the 

previous model. When Equation 24 is modified for azimuthal direction and compared, it 

establishes a relationship between axial current density and azimuthal current density that 

can be translated into an axial and azimuthal velocity relation. 
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𝑣𝑒𝑥
= 𝑣𝑒𝑧

Ω𝑒 
(46) 

Using Equation 24 and Equation 46, the axial current density is estimated to be 

influenced by axial mobility, the electric field and the pressure effects. 

 

𝑗𝑒𝑧
= 𝜇𝑒𝑧

 (−𝑒𝑛𝑒𝐸𝑧 −
𝑑𝑃𝑒

𝑑𝑧
) 

(47) 

For the current model the azimuthal direction is in cartesian coordinate and 

represented with variable x as shown in Figure 15. Equation 47 can be written for the 

azimuthal current density as  

 

𝑗𝑒𝑥
= 𝜇𝑒𝑧

 Ω𝑒 (−𝑒𝑛𝑒𝐸𝑧 −
𝑑𝑃𝑒

𝑑𝑧
) (48) 

 

𝑗𝑒𝑥
= 𝜇𝑒𝑥

(−𝑒𝑛𝑒𝐸𝑧 −
𝑑𝑃𝑒

𝑑𝑧
) (49) 

The azimuthal mobility is expressed as the sum of the axial mobility and the Hall 

parameter. It is utilized to establish the connection between the azimuthal drift velocity of 

electrons and the azimuthal magnetic field gradient within the channel. 

 

𝜇𝑒𝑥
= 𝜇𝑒𝑧

 Ω𝑒 
(50) 
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Thus, the azimuthal velocity of electrons from Equation 46 can be written as a 

function of electron mobility. 

 

𝑣𝑒𝑥
= 𝜇𝑒𝑥

(−𝐸𝑧 − (
1

𝑒𝑛𝑒
)
𝑑𝑃𝑒

𝑑𝑧
) 

(54) 

 

𝑃𝑒 = 𝑛𝑒𝑘 𝑇𝑒 
(52) 

 

𝑣𝑒𝑥
= 𝜇𝑒𝑥

(−𝐸𝑧 − (
𝑘

𝑒𝑛𝑒
)
𝑑(𝑛𝑒 𝑇𝑒)

𝑑𝑧
) 

(53) 

To estimate the changes in the azimuthal direction due to the azimuthal magnetic 

field gradient, the gradient in velocity is estimated by using Equation 53. 

 
𝑑𝑣𝑒𝑥

𝑑𝑥
=

𝑑𝜇𝑒𝑥

𝑑𝑥
(−𝐸𝑧 − (

𝑘

𝑒𝑛𝑒
)
𝑑(𝑛𝑒 𝑇𝑒)

𝑑𝑧
) −

𝑑

𝑑𝑥
(

𝑘

𝑒𝑛𝑒
)
𝑑(𝑛𝑒  𝑇𝑒)

𝑑𝑧
 

(54) 

 
𝑑𝑣𝑒𝑥

𝑑𝑥
=

𝑑𝜇𝑒𝑥

𝑑𝑥

𝑣𝑒𝑥

𝜇𝑒𝑥

−
𝑑

𝑑𝑥
(

𝑘

𝑒𝑛𝑒
)
𝑑(𝑛𝑒 𝑇𝑒)

𝑑𝑧
 

(55) 

The gradient in the azimuthal mobility with position can be determined using the 

equation presented in Equation 55. The positional gradient is determined by the alterations 

in the Hall parameters caused by the azimuthal fluctuations in the magnitude of the 

magnetic field. 
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𝜇𝑒𝑥
= Ω𝑒

𝑒

𝑚𝑒𝜈𝑒(1 + Ω𝑒
2)

 
(56) 

 
𝑑𝜇𝑒𝑥

𝑑𝑥
=

𝑑

𝑑𝑥
Ω𝑒

𝑒

𝑚𝑒𝜈𝑒(1 + Ω𝑒
2)

 
(57) 

 
𝑑𝜇𝑒𝑥

𝑑𝑥
 ≈

𝑑

𝑑𝑥
(
1

𝐵𝑟
) 

(58) 

In order to simplify the equation, the pressure effects are ignored to estimate how 

the velocity is changing without thermal motion change into account. 

 
𝑑𝑣𝑒𝑥

𝑑𝑥
= −

𝑑𝜇𝑒𝑥

𝑑𝑥
(𝐸𝑧 + (

𝑘

𝑒𝑛𝑒
)
𝑑(𝑛𝑒 𝑇𝑒)

𝑑𝑧
) 

(59) 

 
𝑑𝑣𝑒𝑥

𝑑𝑥
 ∝ (−

𝑑

𝑑𝑥
(
1

𝐵𝑟
)) 

(60) 

As the electron moves across region one to region two, the magnetic field decreases 

across the boundary, resulting in a negative azimuthal gradient in the magnetic field. This 

negative gradient increases the azimuthal drift velocity of electrons from regions 1 to 2, as 

per Equation 60. According to Equation 46, changes in the azimuthal drift velocity can 

cause variations in the axial velocity of the electrons. 
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𝑑𝑣𝑒𝑧

𝑑𝑥
=

1

Ω𝑒
(
𝑑𝑣𝑒𝑥

𝑑𝑥
− 𝑣𝑒𝑧

𝑑Ω𝑒

𝑑𝑥
) 

(61) 

 
𝑑Ω𝑒

𝑑𝑥
=

𝑑

𝑑𝑥
(

𝑒𝐵

𝑚𝑒𝜈𝑒
) 

(62) 

Due to the negative gradient introduced in the channel, the electrons' axial velocity 

increases as they traverse region 1 to region 2. Therefore, the azimuthal magnetic field 

gradient in the HET channel can influence the axial motion of electrons, which can lead to 

modifications in the plasma parameters. 

The electron's temperature does not increase to the same extent as in the presence 

of a uniform magnetic field, thus decreasing the electron's overall temperature. The 

electron interactions that lead to ionization are diminished due to the electrons' lower 

overall energy, which is insufficient for collisions to induce ionization. The ionization 

region in the azimuthal gradient region shifts locally upstream towards the anode in 

comparison to the region where a uniform magnetic field is present as a result of the 

increase in the axial velocity of the electron due to the presence of the azimuthal gradient 

in the channel. This localized shift in the location of the ionization region results in an 

increase in the length of the acceleration region at that location, which in turn causes non-

uniformities in the axial location of the ionization acceleration region in the channel. The 

voltage loss increases as the ionization region moves upstream at the gradient location, 

resulting in the ions being lost to the wall rather than being accelerated out of the channel. 

Therefore, the increase in voltage loss reduces the overall acceleration voltage experienced 

by the ion particle. The decrease in the available acceleration voltage leads to a decrease 
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in the ion velocity, affecting the thruster's performance due to a gradient in the azimuthal 

magnetic field. 

Equation 36-42 establishes a correlation between the thruster performance 

parameters and the plasma parameters. Introducing a gradient in the channel leads to an 

overall increase in electron velocity, increasing the discharge current. A reduction in the 

ion velocity and acceleration voltage leads to an overall decrease in the ion beam current. 

Introducing the gradient in the channel contributes to the overall decrease in the current 

utilization efficiency, as the discharge current and ion beam current fluctuate. The 

variations in the ion velocity also contribute to a reduction in the thrust and specific impulse 

that the ion imparts at the thruster operating configuration, as illustrated in Equation 37. 

The reduction in the acceleration voltage leads to a corresponding decrease in the voltage 

utilization efficiency, as indicated by the relationships in Equation (43). Examining the 

stability equation, when the axial electron velocity increases, the second component of the 

equation becomes more negative. This reduction leads to a decrease in overall stability, 

causing the thruster to operate in an unstable state. 

The background knowledge of the variations in the plasma properties as the 

gradient is introduced is provided by the relationships established by the model to analyze 

the effect of introducing the azimuthal magnetic field gradient, which in turn affects the 

thruster performance parameters. An experimental test campaign is conducted on HET to 

substantiate the established relationship and address the research question for the thesis. 

The experiment involves the introduction of an azimuthal magnetic field gradient of 

varying magnitudes into the channel, and the effect of this gradient on the thruster 

performance and plasma parameters is observed. 
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CHAPTER 4 EXPERIMENT SETUP AND DIAGNOSTICS 

This chapter provides a comprehensive summary of the test campaign, including 

details about the thruster utilized as the test article, the testing facility, and the diagnostics 

employed for the thesis experiment. The purpose of this chapter is to address the research 

question posed in the thesis. The chapter acquaints the reader with the experimental 

configuration and protocol employed to accomplish the aim of the present study. 

4.1 Experiment Overview 

The present study aims to comprehend the influence of azimuthal magnetic field 

gradient on the performance of a HET. In order to achieve the objective, it is crucial to 

observe the impact of modifying the magnetic field on the performance of the HET. The 

model described in section 3.2.2 helps to establish the correlation between plasma 

properties and magnetic field and how it affects the performance of the HETs. The 

homogeneous magnetic field was altered for the initial experiment test to establish 

experimental justification. The baseline condition for this investigation was the operation 

of the thruster at a fixed discharge voltage of 300 V, with a fixed anode and cathode mass 

flow rate of 5.61 mg/sand 0.44 mg/s, respectively. The inner coil current was 6 A, and the 

outer coil current was 4 A. The first test matrix involved reducing the magnetic field from 

145 G to 93 G to monitor the effects on the performance parameters. A FW Bell 

Gaussmeter 5080 was utilized to measure the magnetic field in the thruster channel. The 

plasma parameters and thruster operational characteristics were measured using a variety 

of diagnostics, including Faraday, Langmuir, retarding potential analyzer (RPA), 
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oscilloscope measurement, and an inverted pendulum thrust stand. The plasma parameters 

were estimated using far-field measurements at a radial distance of 1m, as it was not 

feasible to conduct these measurements within the channel due to the facility and 

experimental constraints. Variations in the magnetic field are believed to affect the location 

of the ionization and acceleration region, as demonstrated in section 3.2.2 .In order to 

determine whether these assertions contained observable evidence, optical emission 

spectroscopy (OES) was employed to monitor the fluctuations in the plume's light intensity 

as the magnetic field's magnitude was altered. Changes in light intensity can assist in 

predicting the direction in which the ionization acceleration region moved without direct 

measurements inside the channel and in establishing the first-level deductions. 

After examining the impact of magnetic fields on plasma properties and thruster 

performance, we proceed to address the research questions of this research. The effect of 

azimuthal magnetic field gradient on thruster performance is investigated by introducing a 

deliberate azimuthal gradient in the magnetic field. The magnetic circuit of the HET is 

divided to enable the control of various sections of the outer circuit using distinct power 

supplies, which can regulate the magnitude of the gradient in the magnetic field, as 

illustrated in Figure 16. 

The magnetic circuit was divided into two sections, with two coils operating 

independently with the assistance of two power supplies as OC2 and OC3 coil circuits. The 

remaining six exterior coils were connected in series and operated by a separate power 

supply as OC1 coil circuit. The thruster was operated at 300 V with anode and cathode 

flow rates of 5.61 mg/s and 0.44 mg/s, respectively. At the baseline condition of the 

thruster, the inner coil power supply gives 6 A of current, while all three power supplies 
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are utilized for the outer circuit supply 4 A. The azimuthal gradient in the magnetic field is 

generated by changing the operational capacity of the outer coils from 100% to 0%. The 

highest azimuthal gradient in the magnetic field for the current operation is introduced 

when two coils in the outer magnetic circuit (OC2 and OC3) are entirely turned off, 

resulting in an extreme condition of 0% capacity. 

 

Figure 16 – Electrical schematic of test setup of P5 (left) and magnetic circuit 

breakdown for the current research(right). 

 

The same diagnostics at 1 m were employed to compare to the uniform condition 

for measuring change in plasma parameters. The measurements are performed by 

systematically moving the probe arm in a radial direction, ranging from -90° to 90°, while 

maintaining a constant distance from the thruster center. Due to the presence of an 

azimuthal gradient, the plume of the HET will not be uniform; hence, it is essential to take 

measurements depicting the plume accurately. A three-dimensional mapping of the plume 

enables the observation of changes in the plume resulting from the introduction of gradients 
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in the magnetic field. Developing a sweep probe apparatus was necessary to monitor the 

fluctuations in ion beam current and generate a three-dimensional mapping of the plume. 

The thrust vector location was presumed to be altered by introducing a gradient, and the 

sweep probe apparatus could track the thrust vector for the thruster. The OES 

configuration, which takes measurements along a line parallel to the exit plane, cannot 

observe the localized shift in the ionization acceleration zone for the azimuthal magnetic 

field gradient because the gradient was imposed in a specific section of the channel. 

Consequently, the uniform magnetic fields in the initial test were adjusted to reduce the 

magnetic field by the same magnitude as that observed in the azimuthal gradient region. 

This magnetic field variation permits the estimation of the localized shift in the ionization 

and acceleration region resulting from the gradient's introduction. 

4.2 Test Article and Equipment 

The experiment presented in this study was conducted using a 5-kW laboratory 

HET P5, built in 1997, through a collaboration between the Air Force Research Laboratory 

(AFRL) and the University of Michigan. The P5 HET was used for the experiment due to 

its comparable performance capabilities to commercial HETs[69]. P5 features a stainless-

steel anode with 36 slot holes, a ceramic discharge channel, an inner magnetic core, and 

eight outside magnetic cores that generate the magnetic field necessary for the functioning 

of the HET. The thruster comprises a boron nitride and silicon dioxide BN-SiO2, M26 

grade channel with an outside diameter of 173 mm and breadth of 25 mm[42,70]. A hollow 

cathode of EPL-500 was positioned at a distance of 2.2 cm downstream of the P5 exit plane 

and 7 cm above the centerline for thruster operation, as depicted in Figure 17. 
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Figure 17 – P5 HET installation in Vacuum Test Facility (VTF-2) 

 

The thruster was operated at a discharge voltage of 300 V, with an anode flow rate 

of 5.61mg/s and a cathode flow rate of 0.44 mg/s of krypton. MKS GE50A mass flow 

controllers were utilized to keep the anode and cathode mass flow consistent. The Mesa 

Labs DryCal 800 calibrated mass flow to ensure that the mass flow uncertainty remained 

below 2% throughout the test campaign. TDK Lambda GEN power supply was utilized to 

power the magnetic circuit associated with the HET. We employed a TopCon Quadro 

Programmable DC power supply to operate the thruster discharge. A high-power RC filter, 
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which consists of a 0.53- resistor bank and a 100-F capacitor, is installed in the circuit 

between the thruster and the discharge power supply to safeguard the discharge power 

supply from discharge current disturbances. A 1 GHz, 12-bit, up to 2.5 GS/s Teledyne 

LeCroy HDO6104 oscilloscope was employed to conduct time-resolved discharge current 

measurements. The discharge current and oscillations were measured with a Teledyne 

LeCroy CP150 current probe rated for DC up to 10 MHz. One of the four channels with a 

sampling frequency of 100 MS/s and a ±50 ms collection interval was used to observe 

thruster-telemetry time traces comprising the oscilloscope's discharge current 

characteristics. 

4.3 Testing Facility 

The thesis experiment occurred at Georgia Institute of Technology High-Power 

Electric Propulsion Laboratory in Vacuum Test Facility 2 (VTF-2). As shown in Figure 

18, the facility comprises a stainless-steel cylinder with domed end caps with a diameter 

of 4.6 m and a total length of 9.2 m. In order to replicate the space environment, a high 

vacuum is necessary for the operation of HETs. The chamber of VTF-2 creates a high 

vacuum environment in two stages. Initially, the facility's base pressure is raised from 

atmospheric conditions to approximately 2.5×10-2 Torr by a single-stage, rotary vane 

SOGEVAC SV630 B mechanical pump, which is supported by a Leybold RUVAC RA 

5001 root blower. After the chamber outgases, and the leak rate has decreased to less than 

0.1 mTorr/min, the compressor and mechanical pump assembly are deactivated. 

Consequently, ten liquid nitrogen-cooled CVI TM1200i cryopumps connected to two 

Stirling Cryogenics SPC-4 compressors are activated to achieve a high vacuum with a base 

pressure of less than 1×10-8 Torr-N2. A Stirling Cryogenics SPC-8 closed-loop, 
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recirculating nitrogen liquefaction system supplies liquid nitrogen (LN2) to each cryopump 

at temperatures ranging from 90 to 110 K via vacuum-jacketed feed lines. 

 

 

Figure 18 – Vacuum Test Facility (VTF-2) at HPEPL 

 

The pressure is measured using two MKS Granville Phillips 370 Stabil-ion gauges, 

which are situated 0.3 m downstream of the thruster departure plane and 0.6 m from the 

thruster centerline, and one Agilent Bayard-Alpert (BA) 571 hot-filament ion gauge on the 

chamber flange. The Agilent XGS-600 Gauge Controller is employed to modulate the outer 

ion gauge. In contrast, the Granville Phillips 370 Controller provides precise pressure 

measurements for the ion gauges within the chamber. The XGS-600 controller's facility 
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pressure readouts were digitally collected using LabView software at two data samples per 

second. During testing, the two ion gauges inside the chamber showed nominal operating 

pressures of 5.9 × 10-6 Torr-N2 and 1.1 × 10-5 Torr-N2. The facility maintained a base 

pressure of 2.55 × 10-9 Torr-N2 and an operational pressure of 3.1 × 10-6 Torr-Kr throughout 

the experiment. 

4.4 Diagnostics 

The diagnostics employed to quantify various plasma parameters included a Sweep 

probe apparatus, Faraday Probe, Langmuir Probe, RPA, OES, and inverted pendulum 

thrust stand. The Sweep Probe Apparatus, Faraday Probe, Langmuir Probe, and RPA are 

mounted on a radial arm driven by a Parker Daedal 200RT rotary motion stage and 

positioned 1m from the thruster output plane. The OES set-up is situated on a Parker Daedal 

406XR precision linear motion stage with a 2000 mm operating length, 0.5 m from the 

thruster centerline. Figure 19 depicts the P5 HET placed in VTF-2 with all diagnostic 

probes in the frame. 
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Figure 19 – Experimental test setup providing a full view of all the diagnostics utilized 

in the study. 

 

4.4.1 Sweep Probe Apparatus 

Several investigations have been carried out to examine and study the three-

dimensional plume measurements and thrust vectoring capabilities of the thrusters during 

operation. Various thrust vector measurement systems have been developed utilizing the 

Faraday probe, double Langmuir, cylinder rods, and retarding potential analyzer (RPA) 

[71–76]. Though the studies conducted demonstrated promising results, there were 

limitations due to complex electronic setups with multiple probes and less coverage of ion 
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beam. Hence, a Sweep probe apparatus is designed to provide the characteristics of a three-

dimensional plasma beam, offering a comprehensive measurement setup for plasma non-

uniformities and potential use in studying the thrust vectoring capabilities of thrusters. The 

equipment sweeps a Faraday Probe vertically across the HET plume while spanning 

radially using a radial arm to gather three-dimensional ion currents. The objective of the 

current hemispherical sweep probe apparatus is to provide three-dimensional plume 

characterization of the HET plasma plume in terms of the ion beam current. The three-

dimensional mapping of the ion beam current is provided using the Faraday probe as the 

primary ion beam current measuring device in the apparatus. For this undertaking, the 

following objectives and requirements are identified: 

1) The diagnostic apparatus enables precise and repeatable characterization to 

facilitate plume measurement. 

The objective emphasizes the need for precise and dependable measurement with 

less than 2° deviations. The criteria are derived from the guidelines outlined in the 

recommended practices for precise measurements utilizing the Faraday Probe[77]. This 

criterion restricts measurement uncertainty to less than 2°, enabling the translating 

mechanism to operate with minimal tremble and optimum position control. 

2) Orthogonality must be maintained between the probe collector surface and the ion 

beam. 

The current objective necessitates that the probe collection surface remains 

orthogonal to the plume to maximize the surface area for ion beam current collection. 

Additionally, it promotes the reduction of sheath potential effects that occur when ions 

interact with the collector plate. 



 69 

 

3) Capability to provide continuous sweep measurements throughout extended 

periods of testing. 

The objective enables the probe setup to be used for many tests over a long period 

of time, with the ability to withstand considerable temperature and pressure variations in 

the vacuum facility environment. The requirement necessitates that the probe instrument 

possesses robustness and longevity to ensure its sustained utilization in the future. 

4) The impact of the probe's presence in the plume on the floating potential of the 

thruster is negligible. 

This objective aims to provide guidance for designing the sweep probe apparatus 

to minimize its impact on the plasma and the thruster operating conditions, ensuring 

accurate plasma performance characteristics. 

5) Capability to regulate the frequency of measurement or data sweeps of the plume. 

The capacity to regulate the frequency of measurements facilitates the acquisition 

of comprehensive and spatially specific data at the intended locations of interest. The 

sweep probe apparatus enables the operator to collect more extensive data sets in 

concentrated areas, such as the centerline for thrust vectoring or plume endpoints for 

facility effects. 

6) A lightweight, simplistic design featuring minimal back sputtering. 

The simplistic, lightweight design of the sweep probe apparatus allows for easy 

installation and utilization of the setup for various testing conditions. It also increases the 

data collection capabilities of the testing facility, aiding in the advancement of the 

understanding of the plasma plume. 
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The design objective provides a detailed requirement needed to be fulfilled by the 

sweep probe apparatus for successful validation and utilization. These goals are 

accomplished by the current apparatus consisting of a geared face curved framework/track, 

a motion-controlled gear, a probe mount, and probe electronics incorporated into the sweep 

probe apparatus to enable the probe to be swept across the plasma plume. Due to its 

adaptability and simplicity, the design permits the attachment of diverse probes to acquire 

plasma properties at distinct locations within the plume. The current design utilizes a 

Faraday probe to detect the ion beam current across the plume. 

 

 

 

 

Figure 20 – Schematic of Faraday probe sweep path for the sweep probe apparatus 

 

The apparatus consists of a circular framework with a radius of 1 meter, constructed 

from lightweight aluminum, as depicted in Figure 21. The framework is composed of a 

geared track on one side and a curved flat surface insulated from the plume using graphite 

fragments on the other side. A slot is created in the aluminum structure to accommodate 
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motion bearings and preserve the orthogonality of the probe while moving along a curved 

trajectory. The bearing linked to the probe mount guarantees that the probe remains in the 

correct orientation while sweeping through the plume. The geared track framework 

currently ranges from -41 to 46 °, providing a measurement span of 87 ° of the plume. The 

framework can be extended to 180° span in facilities without spatial restrictions such as 

floor and the thruster mount. The probe mount is fabricated utilizing a combination of 

aluminum and graphite components. The aluminum brackets are connected with the motion 

gear as well as the stepper motor employed for motion control. As depicted in Figure 21 

the Nema 17 motor with a 50:1 ratio planetary gearbox is utilized to translate the probe 

along a 1m radius path via a motion gear. The stepper motor, having a step size of 1.8° per 

step, enables accurate gear movement along the track and provides positional control over 

the probe. The graphite component of the mount serves the purpose of connecting the 

Faraday probe to the mount while guaranteeing electrical isolation and reduced interference 

during measurements as seen in Figure 22. The construction of the Faraday probe adheres 

to the recommended principles, utilizing a stainless steel casing that is 1 inch in length and 

a collector coated with tungsten[77]. The Faraday probe consists of 2.31 cm diameter 

collector and a 2.54 cm outer diameter guard ring with a wall thickness of 0.074 cm. An 

aluminum collector electrode is tungsten coated to reduce the effect of secondary electron 

emission (SEE). The collector and guard ring are electrically isolated from each other using 

Macor ceramic spacers. 
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Figure 21 – Detailed rendering of the 1-m Curved Sweep probe apparatus with its 

components a) Stepper motor b) Motion control gear c) Gear framework d) Faraday 

probe, and e) Aluminum and Graphite Mount components. 

Figure 22 – 1-m Curved Sweep probe apparatus installed in VTF-2. 
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The Ni motion controller MID-7604/7602 allowed for the adjustment of the motor's 

speed during operation. A stepper motor is employed in conjunction with limit switches 

positioned at the endpoints to monitor the probe's location as it moves along a curved path. 

At -45° and 50° from the track, high-precision limit switches are arranged so that the probe 

mount contact can activate the limit switch circuit and halt the stepper's motion. The entire 

sweep probe apparatus is positioned on a radial probe arm, so that there is a 1m distance 

between the probe collector and the thruster exit plane in VTF-2, as seen in Figure 3. The 

radial probe arm is designed to undergo a sweeping motion, starting from -90° and ending 

at 90° with a velocity of 0.63° per second. The probe arm is controlled by a Parker Daedal 

200RT series rotary table, which has an accuracy of ±17° [78], as depicted in Figure 23. 

The angular transverse motion and the stepper motor-driven vertical motion of the Faraday 

probe are controlled by Agilent 34970A Data Acquisition Unit (DAQ). LabVIEW Virtual 

Instrument is used to record both the probe location and the ion beam current gathered by 

the Faraday probe. 

 

 

-41°  

46°  
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Figure 23 – Schematic of the sweep probe apparatus orientation with respect to P5 in 

VTF-2 chamber. 

 

  The guard and collector of the Faraday probe are biased at -30 V based on the 

recommended practices [77]. While taking measurements using hemispherical apparatus, 

three angular vertical sweeps of the Faraday probe are performed consecutively in opposite 

directions (-41 to 46°, 46 to -41° and again -41 to 46°) to eliminate any systematic 

inaccuracy caused by the motion control system. Following three vertical sweeps with the 

sweep apparatus, the probe arm is repositioned in a radial direction to conduct a vertical 

scan at the next horizontal position. Measurements are collected at intervals of 5° in the 

horizontal direction in the main plume, near the centerline. The multiple scans conducted 

using the hemispherical apparatus yielded a standard error of 1.8 × 10-7, indicating highly 

repeatable measurements. The duration to perform the mapping of the entire plume region 
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is two hours. The collected data is subsequently examined utilizing the correction factors 

and methodologies outlined by Brown[79]. The method mentioned has an error of around 

5% for the beam current and 1.5% for the plume divergence half-angle[77, 80]. The sample 

measurements obtained using the sweep probe apparatus for the baseline configuration of 

P5 operating at 300V is shown in Figure 24. 

 

 

a) 
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b) 

 

Figure 24 – Sample measurements of a) Three-dimensional ion current density 

variation with horizontal and vertical sweep b) Contour map of ion current density 

with marking of the plume center. 

 

4.4.2 Faraday Probe 

Faraday probes are flat electrodes specifically designed to measure ion current. The 

electrode is negatively biased about the local plasma potential, resulting in the collection 

of only ions. In conventional testing, the Faraday probe crosses the HET plume at a set 

radial distance, resulting in a spatially specified ion current density distribution function. 

To estimate the ion beam current and beam divergence half-angle, 𝜃div, the ion current 

density distribution function is first determined and then integrated across space under the 

assumption of axisymmetric condition. As previously mentioned, the current research 
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involves mounting the Faraday probe on a rotary table and sweeping the plasma plume at 

a radial distance of 1 m to create a semicircle with the thruster at its center. Figure 25 

illustrates the conventional Faraday probe's standard trajectory sweep. 

The conventional use of the Faraday probe on the radial arm, as illustrated in Figure 

25,adheres to the same design principles as the Faraday Probe affixed on the 3D sweep 

probe apparatus. The collector and guard ring are biased at -30 V relative to the ground 

using a Keithley 2470 Sourcemeter. A Parker Daedal 200RT series rotary table with a 

positional accuracy of ±0.17° is employed to scan the probe across the plasma plume at a 

velocity of 0.63°/s, passing from -90° to +90°. We conducted three scans per operating 

condition to reduce measurement errors and predict uncertainty. The rotary table encoder 

position and current measurement from the sourcemeter were captured using a LabVIEW 

VI program, which also recorded the ion beam current at the respective positions. 

 

 

Figure 25 – Faraday probe installed on VTF-2 radial arm for horizontal ion current 

measurements 
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4.4.3 Langmuir Probe 

The Langmuir probe is a diagnostic tool utilized to assess the condition of the 

plasma at a specific spot. Plasma parameters that comprise the state of parameters include 

the plasma potential, Vp, the floating potential, Vf, the electron number density, ne, and the 

electron temperature, Te. An alumina ceramic tube measuring 6.4 mm in diameter and 65 

mm in length encases a tungsten tip in the Langmuir probe design. The Langmuir probe is 

positioned on the radial arm so that the tungsten point is directed toward the thruster. A 

Keithley 2470 sourcemeter was used to bias the probe from -50 V to +60 V, in 0.1 V 

increments, with respect to ground and measuring the current. The current is collected at 

the centerline of the thruster at an angular position of 0 °with respect to the thruster plume 

center through three consecutive voltage sweeps. A LabView program recorded the 

Keithley 2470 data output and calculated the local I-V characteristic curve at the centerline. 

Figure 26 displays an image of a Langmuir probe utilized in this experiment. 

 

 

Figure 26 – Langmuir probe installed on VTF-2 radial arm for plume measurements. 
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The data analysis performed utilizing the I-V trace followed the underlying 

theories: 1) conventional, thin-sheath approximation for Langmuir probes embedded in the 

HET plume, or 2) thick-sheath, orbital motion-limited approximation for Langmuir probes 

immersed in the background plasma [81].  

4.4.4 RPA 

The RPA is a diagnostic consisting of four electrostatically biased grids that 

function as a high-pass energy filter, selectively filtering ions based on their energy [82]. 

The RPA is utilized to quantify the ion energy distribution within the thruster plume. The 

RPAs consist of four grids: the floating grid, the electron repulsion grid, the ion repulsion 

grid, and the electron suppression grid. The floating grid is oriented to face the plasma 

plume. In order to protect the plasma from the perturbations caused by the probe's presence, 

the floating grid is permitted to float electrically. The electron repulsion and suppression 

grid are biased to -30 V relative to the ground to prevent plasma electrons and high-energy 

secondary electrons from reaching the collector. The accumulated density function of the 

ions in the plasma is measured with a Keithley 2470 source meter, which measures the 

current that has been collected. The numerical derivative is applied to the voltage and 

current sweep to derive the ion energy distribution function. In order to impede the motion 

of the incident ions and subsequently filter the ion population based on directed kinetic 

energy, the ion repulsion grid is scanned with a bias voltage ranging from 0 to 450 V, with 

a voltage spacing of 2 V relative to the ground. The RPA is affixed to the radial arm to 

obtain a measurement of the centerline location with a 0° angular position about the thruster 

plume. Three successive voltage sweeps are conducted to account for the uncertainty and 

variability in data. The RPA measurement of the ion energy distribution peak between 
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scans of the same condition exhibited a variability of ±5%. Figure 27 displays an image of 

the RPA utilized in this investigation. 

 

Figure 27 – RPA installed on VTF-2 radial arm for plume measurements  

 

 

4.4.5 Inverted Pendulum Thrust Stand 

A null-type, water-cooled inverted pendulum thrust stand is employed to measure 

thrust based on the thrust stand design developed by the NASA Glenn Research Center 

[83]. The thrust stand is composed of a pair of parallel plates connected by a series of four 

flexures. These flexures support the upper plate and allow it to deflect in response to an 

applied force as shown in Figure 28. The upper plate's position is monitored by a linear 

voltage differential transformer (LVDT) and regulated by two electromagnetic actuators. 

During operation, a pair of SIM 960 Analog proportional-integral-derivative (PID) 

controllers regulate the current through each actuator by modulating the current through 

the actuators based on the LVDT signal. This process eliminates any vibrational noise 
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(damper coil) and maintains the upper plate stationary (null coil). The current through the 

null coil, necessary to maintain the upper plate's stationary position, is directly proportional 

to the thrust. The thrust stand is actively water-cooled to facilitate the chilling of the null 

coil circuit during thruster firings in order to preserve thermal equilibrium. An 1100-W 

VWR International 1173-P refrigerated recirculation chiller supplies the cooling water, 

which does not fluctuate by more than 5 °C compared to the thruster-off condition. 

The thrust stand is calibrated by employing a collection of weights that are well-

known and cover the entire range of anticipated thrust values. In order to provide a 

measurement of the thrust at an operating condition, a linear fit is established by correlating 

the null coil current to the force applied to the thrust stand. The thruster was turned off for 

each of the three consecutive thrust measurements. Following the calibration, the thruster 

was reactivated, and a thermal steady state was achieved by allowing a change in 

temperature of less than ±0.5 °C/min before the subsequent set of measurements. This 

study's average thrust stand uncertainty was approximately ±2 mN (2.6% full scale), 

defined as the variability associated with the calibrations conducted for each scan at an 

operating condition. 
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Figure 28 – VTF2 inverted pendulum thrust stand 

 

4.4.6 Oscilloscope for Time-Resolved Measurements 

A high-definition, four-channel oscilloscope was employed to capture time-

resolved measurements of the P5 discharge current. The time-resolved measurements for 

the discharge current Id, the peak-to-peak variation of the discharge current Id,pk2pk, and the 

root mean square measurement of the discharge current Id,rms were captured using a 

Teledyne LeCroy HDO6104A oscilloscope. This oscilloscope has a DC – 1 GHz 

bandwidth and a resolution of 12 bits. The oscilloscope was configured with a time base 

of ±5 ms and a sampling rate of 50 MS/s, with a maximum discernible frequency of 20 

MHz. The characteristics of the discharge current oscillations were measured using a 

Teledyne LeCroy CP150 current instrument. The CP150 has a maximum rated current of 

300 A and a DC – 10 MHz bandwidth. In order to monitor the oscillations generated by 

the HET plume, the CP150 sensor was installed at the power feedthrough that corresponds 
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to the anode power line upstream of the RC filter. The frequency measurements for the 

current study were observed below 300 kHz allowing for low losses in the discharge 

current measurements using the CP150 sensor. The average values of the discharge current 

characteristics across the five traces were determined by capturing a minimum of five 

oscilloscope traces for the HET discharge at each operating condition. The measurements 

were employed to illustrate the thruster's stability at an operating point and to comprehend 

the effect of the sweep probe apparatus insertion in the plasma plume on the stability and 

operation of the HET. 

 

Figure 29 – Teledyne LeCroy HDO6104A oscilloscope used for the study. 

 

4.4.7 OES Setup 

OES is a diagnostic test that detects plasma composition, electron temperature, and 

electron number density without requiring invasive procedures[84]. In general, OES entails 
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the passive collection of light plasma plumes from the HET using a collimator, which is 

then directed through a series of fiber-optic cables before being incorporated into a portable 

spectrometer. A collimator is an optical device that captures the light from the plume at the 

desired location by arranging three pinholes. The collimator was equipped with a quartz 

lens to minimize the deposition of sputter material on the aperture, enabling the setup to be 

used continuously throughout the experiment. The collimator is engineered to concentrate 

the light collected on the optical fiber, which is then transported to the spectrometer. The 

present study employed a 100 mm-long collimator with a 0.5 mm pinhole, which enabled 

an ultimate resolution of 3 mm. Figure 30 illustrates that the collimator was mounted on a 

custom aluminum extrusion mount, which enabled the measurement to be taken at the 

thruster's center. The aluminum mount housing is 0.5 m from the thruster centerline and is 

on a Parker Daedal 406XR precision linear motion stage with a 2000 mm operating length. 

The linear motion stage enabled spatial measurements at axial distances of 0 mm, 5 mm, 

and 10mm from the exit plane. 

Protecting the fiber optic cable from particle collisions and deposition, the FC-

UVIR600-3-BX-VAC is a 3m-long specialized vacuum-rated fiber cable. After going 

through the chamber feedthrough connection, the optical fiber outside the chamber is 

attached to the Ocean Insight HDX-XR spectrometer. This spectrometer takes in the optical 

signal and returns the light spectrum from the plasma plume. The Ocean Insight 

OceanView software was employed to visualize and record the signals collected by the 

spectrometer. To carry out the current investigation, the Plasma and Dielectrics Laboratory 

provided a loan of an Ocean Insight OCEAN-HDX-XR. With an extended wavelength 

range of 200 nm to 1100 nm, this spectrometer can encompass nearly all of the anticipated 
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electron and ion emission wavelengths for krypton. This spectrometer has a full-width half-

maximum resolution of 1 nm and an integration time range of 6 ms to 10 seconds, with a 

10-micrometer aperture. The present experiment entailed the acquisition of five scans at a 

100 ms interval. These five scans were averaged across the light spectrum to determine 

light intensity at different wavelengths. The OES system was calibrated before each scan 

to ensure that the saturation intensity remained at 75% and the integration time was 4000 

ms. We measured the three axial positions in the background, 0.5 meters behind the 

thruster. The background measurements were employed to eliminate the disturbance 

observed in the plume measurements due to other light sources, such as the ion gauges. 

 

Figure 30 – OES setup collimator (left) and orientation of collimator with respect to 

thruster for exit plane measurements(right) 
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CHAPTER 5 RESULTS 

This chapter presents the findings derived from the experiment to address the 

research question posed in the thesis. Initially, an overview of the test matrix is provided 

to inform the reader of the operating conditions implemented during the experiment. 

Subsequently, the baseline steady state condition for the thruster is established, which will 

serve as a basis for comparison as the magnetic field gradient is introduced into the channel. 

Following the establishment of the baseline test circumstances, the first test matrix 

occurred, which involved reducing the uniform magnetic field from 145 G to 93 G. The 

plasma properties, thruster characteristics, and performance parameters were derived using 

the diagnostics in section 4.4. The azimuthal magnetic field gradient introduced in the 

channel is discussed following the first test matrix. The plasma parameters and thruster 

performance with varied azimuthal magnetic field gradients are supplied for the reader's 

information. 

5.1 Test Matrix 

As described in section 4.1, the experiment for the present thruster consists of 

dividing the test matrix into two halves. The initial test matrix is created to evaluate the 

impact of the magnetic field on the thruster's performance. The second phase of the 

experiment involves the introduction of a test matrix that introduces a varying magnitude 

of azimuthal magnetic field gradient into the channel, allowing for the evaluation of its 

impact on the thruster's performance. Establishing the baseline condition is the first step in 



 87 

establishing a steady-state operating condition for comparison. The thruster was ignited at 

a discharge voltage of 300 V, with an inner coil current of 6 A and an outer coil current of 

4 A. The thruster's previous test trials determined that the anode and cathode flow rates 

should be 5.61 mg/s and 0.44 mg/s of krypton, respectively for thruster ignition. Iterations 

of thruster configurations with varying mass flow and magnetic field magnitude were 

carried out to identify a stable operating point. The condition with the lowest peak-to-peak 

discharge current ratio was established as a stable operating point. The discharge current's 

lowest peak-to-peak ratio was (52%) at 300 V, with an anode and cathode mass flow 5.61 

mg/s and 0.44 mg/respectively and a magnetic circuit configuration of 6 A in the inner coil 

and 4 A in the outer coil. Once the thermal stable state was reached, diagnostic 

measurements were taken using various instruments such as the sweep probe apparatus, 

Faraday probe, Langmuir probe, RPA, oscilloscope, OES, and inverted pendulum thrust 

stand. A thermal steady state is a temperature change of less than 0.5 °C/min in the thruster 

body. The thruster took approximately three hours to achieve a thermally stable state. 

Upon completion of all diagnostic measurements that established the plasma 

parameters and thruster performance, the test matrix 1 of the experiment, which 

emphasizes the impact of a change in magnetic field, was undertaken. Keeping the 

discharge voltage and mass flow conditions consistent with the baseline condition, the test 

matrix involved uniformly reducing the magnetic field of the HET. Table 3 illustrates that 

the reduction in magnetic field was achieved by reducing the coil currents while 

maintaining the same ratio between the inner and outer coils. The magnetic field exhibited 

a reduction of 3.4% from the baseline, followed by a further decrease of 3.4% to reach the 

third working condition. Subsequently, there was a 13.7% decrease and a 29.6% decrease 
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from the baseline. It is essential to acknowledge that the third and fifth operating conditions 

indicate the magnetic field reduction during the azimuthal magnetic field measurement. 

These conditions correspond to the deactivation of one and two coils, respectively. At each 

working state, measurements were obtained for Faraday, Langmuir, RPA, OES, 

Oscilloscope, and inverted pendulum thrust stand. 

Table 3 – Operating test conditions of P5 for test matrix 1 with uniform magnetic field 

configuration 

 

Test 

Condition 

No. 

Condition 

Name 

𝑉𝑑 

(V) 

𝐼𝑑 

(A) 

B 

(G) 

𝑚𝑐̇  

(mg/s) 

𝑚𝑎̇  

(mg/s) 

IC 

Current 

(A) 

OC1, 2 

and 3 

Current 

(A) 

1 baseline 300 7.90 145 0.44 5.61 6.00 4.00 

2 uniform 1 300 8.03 136 0.44 5.61 5.85 3.90 

3 uniform 2 300 8.04 130 0.44 5.61 5.70 3.80 

4 uniform 3 300 8.01 125 0.44 5.61 5.55 3.70 

5 uniform 4 300 8.14 120 0.44 5.61 5.40 3.60 

6 uniform 5 300 8.36 110 0.44 5.61 4.50 3.00 

7 uniform 6 300 9.20 93 0.44 5.61 3.00 2.00 

 

Proceeding to the second test matrix, we examine the introduction of the azimuthal 

magnetic field gradient and its effect on the plasma plume and the HET performance. The 

outer coil circuit was divided into three sections to facilitate the experiment. Six coils were 

connected in series and powered by a separate power supply. In comparison, the remaining 

two coils were separated to function as individual coils and powered separately, as 
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illustrated in Figure 16 in section 4.1. As shown in Table 4, the test matrix commences by 

reducing the current in coil circuit 2 by 50%, resulting in a 5.51% decrease in the magnetic 

field in the localized area. The subsequent operating condition entails a reduction in the 

current in coil circuit from 2 to 0 A, which leads to a localized reduction in magnetic field 

by 9.65% and an azimuthal gradient of 0.18 G/°. This is one of the primary points of the 

study. The subsequent condition necessitated a 50% reduction in coil current in the coil 3 

circuit and the complete shutdown of the coil 2 circuit. This operating situation leads to an 

augmentation in the gradient and the specific region undergoing the alteration in the 

magnetic field. The third operating state is a 13.79% decrease in the magnetic field. The 

final operating condition in test matrix 2 is the complete powering off outer coil circuit two 

(OC2) and outer coil circuit three (OC3), enabling only the outer coil circuit one (OC1) to 

be operational. A gradient of 0.36 G/° and a reduction in a magnetic field by 16.55% are 

the outcomes of this extreme condition for the current research. Figure 31 shows the 

COMSOL simulation of the magnetic field line configuration with a single coil and two 

coils off. The simulation revealed a decrease in the magnetic field, as illustrated in Figure 

32. It is crucial to acknowledge that the gradient introduced and the percentage decrease in 

the magnetic field for the two conditions are identical to those observed during the 

experiment. However, the magnetic field's magnitude varied by 48.21%. A possible reason 

for this is the normal wear and tear of the thruster because of the harsh test conditions used 

in other HPEPL test campaigns. 

 



 90 

Table 4 - Operating test conditions of P5 for test matrix 2 with azimuthal magnetic 

field gradient configuration 
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a) 

 

b) 

 

Figure 31 – COMSOL simulation of P5 with 6 A IC and 4 A OC configuration for a) 

one coil off condition b) two coils off condition. 
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a) 

 

b) 

Figure 32 – Axial variation of radial magnetic field [Br(low)] at the centerline of the 

P5 channel using COMSOL for a) one coil off condition b) two coils off condition with 

respect to baseline uniform magnetic field condition[Br(high)] 
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5.2 Baseline Condition 

5.2.1 Sweep Probe Apparatus 

The Sweep Probe apparatus is operated after the thruster has achieved the thermal 

steady state condition. The apparatus consists of a Faraday probe that collects ion current 

across a hemispherical area. The collector and the guard ring of the Faraday are biased to 

-30 V using the Keithley 2470 source meter. Measurements are conducted with a 

continuously sweep ranging from -41° to 46° for the probe with a resolution of 0.1°for the 

measurements for data analysis. After three consecutive vertical sweeps the sweep probe 

apparatus mounted on the radial arm is swept horizontally with an angular spacing of 5°. 

This results in a total of 37 horizontally positioned scans ranging from -90° to 90°. The ion 

current measurements from the three-dimensional sweeping of the plume can be seen in 

Figure 33. An ion beam current of 3.60 A with a beam divergence of 26° was obtained 

from the raw data from the Faraday probe. The standard error associated with the reading 

is of 1.8 ×    10-7 deeming the measurements to be highly reliable and accurate. In order to 

get the total ion beam current of the plume, a horizontal scan was conducted with the sweep 

probe apparatus with the position of the Faraday probe at 0° in vertical direction resulting 

in the probe being situated at the centerline. The three-dimensional scan yielded a 37% 

decrease compared to the horizontal sweep in the measurement of ion beam current due to 

the restricted vertical sweep range. The vertical scans were extrapolated using the 

horizontal scan measurements to determine the potential full-scale measurement of the ion 

beam current while preserving the trend of ion current density variation across the 37 

vertical scans. The data extrapolation resulted in measurements that span from -90° to 90° 

in both the vertical and horizontal directions, thereby enabling the total estimation of the 
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hemispherical ion current for P5 at 2.3 kW, as illustrated in Figure 34. An ion beam current 

measurement of 5.71 A and a divergence angle of 33.94° was obtained from the 

extrapolated three-dimensional ion current. The ion beam current measurements were 

evaluated after correcting for secondary electron emission and charge exchange at 

horizontal and vertical angles, yielding a 95% ion beam percentage. The hemispherical 

sweep mechanism had a negligible effect on the floating potential of the thruster keeping 

it at -5.84 V, allowing it to be used without impacting its operation. The measurements 

acquired with the hemispherical apparatus were subject to uncertainty. This uncertainty 

included a ±10% margin of error connected with the Faraday probe[77] and a margin of 

error of less than ±1% associated with the gear motion control system for vertical scan and 

a ±2% for the horizontal motion control system. 

Table 5 – Calculated ion beam properties at baseline test condition on krypton using 

sweep probe apparatus. 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

1. baseline 7.90 5.71 33.94 72.30 
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a)  

b)  

Figure 33 – Raw measurements of a)Three-dimensional ion current density variation 

with horizontal and vertical sweep b) Contour map of ion current density at baseline 

test condition  
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a)  

b)  

Figure 34 – Extrapolated measurements of a)Three-dimensional ion current density 

variation with horizontal and vertical sweep b) Contour map of ion current density 

at baseline test condition  
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5.2.2 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90° 

to 90° with a resolution of ±0.17°. The Collector and Guard of the Faraday are biased at -

30 V to collect the ion current in the plume. The measurement of the Faraday probe is 

subject to the same uncertainty margin of ±10% as recommended in Faraday's best 

practices[77]. The radial arm motion control system is subject to a systemic error of ±2%. 

The uncertainty associated with the scan measurements was determined by conducting 

three consecutive scans. Table 6 displays the thruster's current utilization, beam 

divergence, and ion beam current at the operating condition. Figure 35 displays the revised 

Faraday probe scan representing the ion current density. 

 

Figure 35 – Raw and corrected ion current density for a horizontal sweep at baseline 

test condition 
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Table 6 – Calculated ion beam properties at baseline test condition on krypton using 

Faraday probe 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

1 baseline 7.90 4.11 33.23 52.05 

 

5.2.3 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0° at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 

scans, sweeping from -50 V to 80 V. Table 7 depicts plasma parameters such as electron 

density, temperature, and potential obtained from the data analysis of the I-V trace. The I-

V traces obtained from the HET plume exhibited characteristics that resemble the 

principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron 

distribution. The data processing for the trace obtained for the test condition as shown in 

Figure 36. 
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Figure 36 – Average I-V traces collected by Langmuir probe at baseline test condition  

 

Table 7 – Calculated plume properties at baseline test condition on krypton using 

Langmuir probe. 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

1 baseline 4.27 1.99×1015 14.88 

 

5.2.4 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0° in a horizontal sweep. The RPA was 

swept from 0 V to 450 V, and three successive scans were performed. The voltage with the 

largest dI/dV must be determined to acquire the plasma parameters, which are the 
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acceleration voltages experienced by ions. Figure 37 illustrates that the maximum value 

achieved at the current operating condition was 269.80 V. 

 

Figure 37 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at baseline test condition 

5.2.5 OES 

The OES scan was performed at three axial positions starting from the exit plane. 

The measurements were obtained at distances of 0 mm, 5 mm, and 10 mm from the exit 

plane. Table 8 displays the location and intensity of light at the exit plane. In order to 

remove any light collected by external light sources, such as the ion gauges in the chamber, 

the background noise was eliminated from the OES scan. The OES measurement was 

obtained at the exit plane, and the background scan is depicted in Figure 38. 
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Figure 38 – Plume light intensity spectrum collected using OES at baseline test 

condition 

 

Table 8 – Plume intensity measurements for baseline test condition at 0 mm, 5 mm 

and 10 mm from thruster exit plane. 

 

 

 

 

 

 

 

5.2.6 Oscilloscope 

Table 9 shows time-resolved measurements of the thruster discharge characteristics 

under operating conditions. In order to eliminate any discrepancies in the measurements 

that may have resulted from plasma fluctuations, five measurements were recorded over a 

two-hour period and averaged to determine the final discharge characteristics. An analysis 

Test No. 
Condition 

Name 

Distance 

from exit 

plane 

(mm) 

𝜆𝑚𝑎𝑥 

(nm) 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡  

1 baseline 0 811.24 31622.11 

1 baseline 5 811.24 21766.23 

1 baseline 10 811.24 16173.11 
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of the oscilloscope's observations of the discharge current oscillation allows us to gather 

insights into the instabilities in the HET. The power spectral density was obtained by 

performing a fast Fourier transform on the time-resolved discharge current. The peak 

frequency was 6.4 kHz ±900Hz, as shown in Figure 39. The peak frequency exhibited a 

magnitude shift of 2 kHz under the non-uniform test conditions. It is crucial to notice that, 

despite a gradient in the channel, the oscillations' peak frequency remains below the 

frequently observed breathing mode instability, which ranges from 10 to 30 kHz. 

Consequently, the present investigation does not examine breathing mode instabilities but 

local plasma low-frequency instabilities.  

 

Figure 39 – Power spectral density plots of Id(t) at 300 V and 7.90 A baseline test 

condition on krypton 
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Table 9 – Time-resolved measurements of discharge current at baseline test condition. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

1 baseline 7.90 4.15 7.92 

 

5.2.7 Thrust Stand 

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

78.03 mN with an error of ±2 mN. Specific impulse obtained for the current operating 

condition was 1409.56 s. 

5.3 Uniform Magnetic Field Variation Condition 

5.3.1 Uniform1 Test Condition 

5.3.1.1 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90° 

to 90° with a resolution of ±0.17°. The Collector and Guard of the Faraday are biased at -

30 V to collect the ion current in the plume. The radial arm motion control system is subject 

to a systemic error of ±2%. The uncertainty associated with the scan measurements 

was determined by conducting three consecutive scans. Table 10 displays the thruster's 
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current utilization, beam divergence, and ion beam current at the operating condition. 

Figure 40 displays the revised Faraday probe scan representing the ion current density. 

 

Figure 40 – Raw and corrected ion current density for a horizontal sweep for uniform 

1 test condition 

 

 

Table 10 – Calculated ion beam properties at uniform1 test condition on krypton 

using Faraday probe 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

2. uniform1 8.03 4.08 33.23 50.79 
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5.3.1.2 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0° at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 

scans, sweeping from -50 V to 60 V. Table 11depicts plasma parameters such as electron 

density, temperature, and potential obtained from the data analysis of the I-V trace. The I-

V traces obtained from the HET plume exhibited characteristics that resemble the 

principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron 

distribution. The data processing for the trace obtained for the test condition is shown in 

Figure 41. 

 

Figure 41 – Average I-V traces collected by Langmuir probe at uniform1 test 

condition. 
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Table 11 – Calculated plume properties at uniform1 test condition on krypton using 

Langmuir probe. 

 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

2. uniform1 3.96 1.93×1015 14.83 

 

5.3.1.3 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0 ° in a horizontal sweep. The RPA was 

swept from 0 V to 450 V, and three successive scans were performed. The voltage with the 

largest dI/dV must be determined to acquire the plasma parameters, which are the 

acceleration voltages experienced by ions. Figure 42 illustrates that the maximum value 

achieved at the current operating condition was 267 V. 

Figure 42 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at uniform1 test condition. 
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5.3.1.4 OES 

The OES scan was performed at three axial positions starting from the exit plane. 

The measurements were obtained at distances of 0mm, 5mm, and 10mm from the exit 

plane. Table 12 displays the location and intensity of light at the exit plane. In order to 

remove any light collected by external light sources, such as the ion gauges in the chamber, 

the background noise was eliminated from the OES scan. The OES measurement was 

obtained at the exit plane, and the background scan is depicted in Figure 43. 

 

 

Figure 43 – Plume light intensity spectrum collected using OES at uniform1 test 

condition. 
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Table 12 – Plume intensity measurements for uniform1 test condition at 0 mm, 5 mm 

and 10 mm from thruster exit plane. 

 

 

  

 

 

 

 

 

 

5.3.1.5 Oscilloscope 

Table 13 shows time-resolved measurements of the thruster discharge 

characteristics under operating conditions. In order to eliminate any discrepancies in the 

measurements that may have resulted from plasma fluctuations, five measurements were 

recorded over a two-hour period and averaged to determine the final discharge 

characteristics. 

Table 13 – Time-resolved measurements of discharge current at uniform1 test 

condition. 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

2. uniform1 8.03 5.81 8.09 

 

Test No. 
Condition 

Name 

Distance 

from exit 

plane 

(mm) 

𝜆𝑚𝑎𝑥 

(nm) 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡  

2. uniform1 0 811.24 12057.33 

2. uniform1 5 811.24 7510.33 

2. uniform1 10 811.24 4117.89 
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5.3.1.6 Thrust Stand 

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

77.06 mN with an error of ±2 mN. The specific impulse obtained for the current operating 

condition was 1392.03 s. 

5.3.2 Uniform 2 Test Condition 

5.3.2.1 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90°to 

90° with a resolution of ±0.17°. The Collector and Guard of the Faraday are biased at -30 

V to collect the ion current in the plume. The radial arm motion control system is subject 

to a systemic error of ±2%. The uncertainty associated with the scan measurements was 

determined by conducting three consecutive scans.  

Table 14 displays the thruster's current utilization, beam divergence, and ion beam 

current at the operating condition. Figure 44 displays the revised Faraday probe scan 

representing the ion current density. 
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Figure 44 – Raw and corrected ion current density for a horizontal sweep for 

uniform2 test condition. 

 

Table 14 – Calculated ion beam properties at uniform2 test condition on krypton 

using Faraday probe 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

3. uniform2 8.04 4.04 33.23 50.28 

 

5.3.2.2 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0 °at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 

scans, sweeping from -50 V to 60 V. Table 15 depicts plasma parameters such as electron 
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density, temperature, and potential obtained from the data analysis of the I-V trace. The I-

V traces obtained from the HET plume exhibited characteristics that resemble the 

principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron 

distribution. The data processing for the trace obtained for the test condition as shown in 

Figure 45. 

 

Figure 45 – Average I-V traces collected by Langmuir probe at uniform2 test 

condition. 

 

Table 15 – Calculated plume properties at uniform2 test condition on krypton using 

Langmuir probe. 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

3. uniform2 3.64 1.88×1015 14.17 
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5.3.2.3 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0 ° in a horizontal sweep. The RPA was 

swept from 0 V to 450 V, and three successive scans were performed. The voltage with the 

largest dI/dV must be determined to acquire the plasma parameters, which are the 

acceleration voltages experienced by ions. Figure 46 illustrates that the maximum value 

achieved at the current operating condition was 266.3 V. 

Figure 46 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at uniform2 test condition 

 

5.3.2.4 OES 

The OES scan was performed at three axial positions starting from the exit plane. 

The measurements were obtained at distances of 0 mm, 5 mm, and 10 mm from the exit 

plane. Table 16 displays the location and intensity of light at the exit plane. In order to 

remove any light collected by external light sources, such as the ion gauges in the chamber, 
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the background noise was eliminated from the OES scan. The OES measurement was 

obtained at the exit plane, and the background scan is depicted in Figure 47. 

Table 16 – Plume intensity measurements for uniform2 test condition at 0 mm, 5 mm 

and 10 mm from thruster exit plane. 

 

 

  

  

  

  

  

  

  

  

   

 
 

Figure 47 – Plume light intensity spectrum collected using OES at uniform2 test 

condition 

 

5.3.2.5 Oscilloscope 

Table 17 shows time-resolved measurements of the thruster discharge 

characteristics under operating conditions. In order to eliminate any discrepancies in the 

measurements that may have resulted from plasma fluctuations, five measurements were 

Test No. 
Condition 

Name 

Distance 

from exit 

plane 

(mm) 

𝜆𝑚𝑎𝑥 

(nm) 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡  

3. uniform2 0 811.24 13677.31 

3. uniform2 5 811.24 7937.93 

3. uniform2 10 811.24 5042.06 
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recorded over a two-hour period and averaged to determine the final discharge 

characteristics. 

Table 17 – Time-resolved measurements of discharge current at uniform2 test 

condition. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

3. uniform2 8.04 5.99 8.05 

 

5.3.2.6 Thrust Stand 

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

76.8 mN with an error of ±2 mN. Specific impulse obtained for the current operating 

condition was 1387s. 

5.3.3 Uniform 3 Test Condition 

5.3.3.1 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90° 

to 90° with a resolution of ±0.17°. The Collector and Guard of the Faraday are biased at -

30 V to collect the ion current in the plume. The radial arm motion control system is subject 

to a systemic error of ±2%. The uncertainty associated with the scan measurements 
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was determined by conducting three consecutive scans. Table 18 displays the thruster's 

current utilization, beam divergence, and ion beam current at the operating condition. 

Figure 48 displays the revised Faraday probe scan representing the ion current density. 

 

Figure 48 – Raw and corrected ion current density for a horizontal sweep for 

uniform3 test condition 

 

Table 18 – Calculated ion beam properties at uniform3 test condition on krypton 

using Faraday probe 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

4. uniform3 8.01 4.08 32.83 50.88 
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5.3.3.2 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0°at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 

scans, sweeping from -50 V to 80 V. Table 19 depicts plasma parameters such as electron 

density, temperature, and potential obtained from the data analysis of the I-V trace. The I-

V traces obtained from the HET plume exhibited characteristics that resemble the 

principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron 

distribution. The data processing for the trace obtained for the test condition is shown in 

Figure 49. 

 
 

Figure 49 – Average I-V traces collected by Langmuir probe at uniform3 test 

condition. 
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Table 19 – Calculated plume properties at uniform3 test condition on krypton using 

Langmuir probe. 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

4. uniform3 3.79 1.89×1015 13.94 

 

5.3.3.3 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0° in a horizontal sweep. The RPA was 

swept from 0 V to 450 V, and three successive scans were performed. The voltage with the 

largest dI/dV must be determined to acquire the plasma parameters, which are the 

acceleration voltages experienced by ions. Figure 50 illustrates that the maximum value 

achieved at the current operating condition was 266 V. 

Figure 50 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at uniform3 test condition 
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5.3.3.4 OES 

The OES scan was performed at three axial positions starting from the exit plane. 

The measurements were obtained at distances of 0 mm, 5 mm, and 10 mm from the exit 

plane. Table 20 displays the location and intensity of light at the exit plane. In order to 

remove any light collected by external light sources, such as the ion gauges in the chamber, 

the background noise was eliminated from the OES scan. The OES measurement was 

obtained at the exit plane, and the background scan is depicted in Figure 51. 

 

Figure 51 – Plume light intensity spectrum collected using OES at uniform3 test 

condition. 

Table 20 – Plume intensity measurements for uniform3 test condition at 0 mm, 5 mm 

and 10 mm from thruster exit plane. 

 

 

 

 

 

Test No. 
Condition 

Name 

Distance 

from exit 

plane 

(mm) 

𝜆𝑚𝑎𝑥 

(nm) 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡  

4. uniform3 0 811.24 14072.11 

4. uniform3 5 811.24 9379.56 

4. uniform3 10 811.24 7356 
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5.3.3.5 Oscilloscope 

Table 21 shows time-resolved measurements of the thruster discharge 

characteristics under operating conditions. In order to eliminate any discrepancies in the 

measurements that may have resulted from plasma fluctuations, five measurements were 

recorded over a two-hour period and averaged to determine the final discharge 

characteristics. 

Table 21 – Time-resolved measurements of discharge current at uniform3 test 

condition. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

4. uniform3 8.01 5.53 8.37 

 

5.3.3.6 Thrust Stand 

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

76.61 mN with an error of ±2 mN. Specific impulse obtained for the current operating 

condition was 1384 s. 
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5.3.4 Uniform 4 Test Condition 

5.3.4.1 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90° 

to 90° with a resolution of ±0.17°. The collector and guard ring of the Faraday are biased 

at -30 V to collect the ion current in the plume. The measurement of the Faraday probe is 

subject to the same uncertainty margin of ±10% as recommended in Faraday's best 

practices[77]. The radial arm motion control system is subject to a systemic error of ±2%. 

The uncertainty associated with the scan measurements was determined by conducting 

three consecutive scans. Table 22 displays the thruster's current utilization, beam 

divergence, and ion beam current at the operating condition. Figure 52 displays the revised 

Faraday probe scan representing the ion current density. 

 

Figure 52 – Raw and corrected ion current density for a horizontal sweep for 

uniform4 test condition 
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Table 22 – Calculated ion beam properties at uniform4 test condition on krypton 

using Faraday probe 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

5. uniform4 8.14 4.03 33.46 49.46 

 

5.3.4.2 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0°at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 

scans, sweeping from -50 V to 80 V. Table 23 depicts plasma parameters such as electron 

density, temperature, and potential obtained from the data analysis of the I-V trace. The I-

V traces obtained from the HET plume exhibited characteristics that resemble the 

principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron 

distribution. The data processing for the trace obtained for the test condition is shown in 

Figure 53. 
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Figure 53 – Average I-V traces collected by Langmuir probe at uniform4 test 

condition. 

 

 

Table 23 – Calculated plume properties at uniform4 test condition on krypton using 

Langmuir probe. 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

5. uniform4 3.53 1.79×1015 13.53 

 

5.3.4.3 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0 ° in a horizontal sweep. The RPA was 

swept from 0 V to 450 V, and three successive scans were performed. The voltage with the 
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largest dI/dV must be determined to acquire the plasma parameters, which are the 

acceleration voltages experienced by ions. Figure 54 illustrates that the maximum value 

achieved at the current operating condition was 266 V. 

 

Figure 54 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at uniform4 test condition 

 

5.3.4.4 OES 

The OES scan was performed at three axial positions starting from the exit plane. 

The measurements were obtained at distances of 0 mm, 5 mm, and 10 mm from the exit 

plane.  

Table 24 displays the location and intensity of light at the exit plane. In order to 

remove any light collected by external light sources, such as the ion gauges in the chamber, 

the background noise was eliminated from the OES scan. The OES measurement was 

obtained at the exit plane, and the background scan is depicted in Figure 55. 
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Figure 55 – Plume light intensity spectrum collected using OES at uniform4 test 

condition. 

 

Table 24 – Plume intensity measurements for uniform4 test condition at 0 mm, 5 mm 

and 10 mm from thruster exit plane. 

 

 

 

 

 

 

5.3.4.5 Oscilloscope 

Table 25 shows time-resolved measurements of the thruster discharge 

characteristics under operating conditions. In order to eliminate any discrepancies in the 

measurements that may have resulted from plasma fluctuations, five measurements were 

recorded over a two-hour period and averaged to determine the final discharge 

characteristics. 

Test No. 
Condition 

Name 

Distance 

from exit 

plane 

(mm) 

𝜆𝑚𝑎𝑥 

(nm) 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡  

5. uniform4 0 811.24 12472.68 

5. uniform4 5 811.24 7764.81 

5. uniform4 10 811.24 5462.75 
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Table 25 – Time-resolved measurements of discharge current at uniform4 test 

condition. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

5. uniform4 8.14 6.28 8.07 

 

5.3.4.6 Thrust Stand 

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

76.51 mN with an error of ±2 mN. Specific impulse obtained for the current operating 

condition was 1382 s. 

5.3.5 Uniform 5 Test Condition 

5.3.5.1 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90°to 

90°with a resolution of ±0.17°. The Collector and Guard of the Faraday are biased at -30 

V to collect the ion current in the plume. The radial arm motion control system is subject 

to a systemic error of ±2%. The uncertainty associated with the scan measurements 

was determined by conducting three consecutive scans. Table 26 displays the thruster's 

current utilization, beam divergence, and ion beam current at the operating condition. 

Figure 56 displays the revised Faraday probe scan representing the ion current density. 
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Figure 56 – Raw and corrected ion current density for a horizontal sweep at uniform5 

test condition 

 

Table 26 – Calculated ion beam properties at uniform5 test condition on krypton 

using Faraday probe 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

6. uniform5 8.36 4.02 33.64 48.05 

 

5.3.5.2 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0°at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 
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scans, sweeping from -50 V to 80 V. Table 27 depicts plasma parameters such as electron 

density, temperature, and potential obtained from the data analysis of the I-V trace. The I-

V traces obtained from the HET plume exhibited characteristics that resemble the 

principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron 

distribution. The data processing for the trace obtained for the test condition is shown in 

Figure 57. 

 

Figure 57 – Average I-V traces collected by Langmuir probe at uniform5 test 

condition 

 

 

 

Table 27 – Calculated plume properties at uniform5 test condition on krypton using 

Langmuir probe. 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

6. uniform5 3.40 1.49×1015 11.83 
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5.3.5.3 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0 ° in a horizontal sweep. The RPA was 

swept from 0 V to 450 V, and three successive scans were performed. The voltage with the 

largest dI/dV must be determined to acquire the plasma parameters, which are the 

acceleration voltages experienced by ions. Figure 58 illustrates that the maximum value 

achieved at the current operating condition was 264 V. 

Figure 58 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at uniform5 test condition 

 

5.3.5.4 OES 

The OES scan was performed at three axial positions starting from the exit plane. 

The measurements were obtained at distances of 0 mm, 5 mm, and 10 mm from the exit 

plane. Table 28 displays the location and intensity of light at the exit plane. In order to 

remove any light collected by external light sources, such as the ion gauges in the chamber, 
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the background noise was eliminated from the OES scan. The OES measurement was 

obtained at the exit plane, and the background scan is depicted in Figure 59. 

 

 

Figure 59 – Plume light intensity spectrum collected using OES at uniform5 test 

condition  

 

 

Table 28 – Plume intensity measurements for uniform5 test condition at 0 mm, 5 mm, 

and 10 mm from thruster exit plane. 

 

 

 

 

 

 

 

 

 

 

 

  

 

Test No. 
Condition 

Name 

Distance 

from exit 

plane 

(mm) 

𝜆𝑚𝑎𝑥 

(nm) 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡  

6. uniform5 0 811.24 8808.18 

6. uniform5 5 811.24 6446.33 

6. uniform5 10 811.24 6191.88 
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5.3.5.5 Oscilloscope 

Table 29 shows time-resolved measurements of the thruster discharge 

characteristics under operating conditions. In order to eliminate any discrepancies in the 

measurements that may have resulted from plasma fluctuations, five measurements were 

recorded over a two-hour period and averaged to determine the final discharge 

characteristics. 

Table 29 – Time-resolved measurements of discharge current at uniform5 test 

condition. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

6. uniform5 8.36 10.48 8.31 

 

5.3.5.6 Thrust Stand 

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

76.43 mN with an error of ±2 mN. Specific impulse obtained for the current operating 

condition was 1381 s. 
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5.3.6 Uniform 6 Test Condition 

5.3.6.1 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90°to 

90° with a resolution of ±0.17°. The Collector and Guard of the Faraday are biased at -30 

V to collect the ion current in the plume. The radial arm motion control system is subject 

to a systemic error of ±2%. The uncertainty associated with the scan measurements was 

determined by conducting three consecutive scans. Table 30 displays the thruster's current 

utilization, beam divergence, and ion beam current at the operating condition. Figure 60 

displays the revised Faraday probe scan representing the ion current density. 

 

 

 

Figure 60 – Raw and corrected ion current density for a horizontal sweep at uniform6 

test condition 
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Table 30 – Calculated ion beam properties at uniform6 test condition on krypton 

using Faraday probe 

 

 

 

 

 

 

5.3.6.2 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0 °at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 

scans, sweeping from -50 V to 80 V. Table 31 depicts plasma parameters such as electron 

density, temperature, and potential obtained from the data analysis of the I-V trace. The I-

V traces obtained from the HET plume exhibited characteristics that resemble the 

principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron 

distribution. The data processing for the trace obtained for the test condition is shown in 

Figure 61. 

Table 31 – Calculated plume properties at uniform6 test condition on krypton using 

Langmuir probe. 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

7. uniform6 2.96 1.19×1015 10.70 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

7. uniform6 9.20 3.89 34.46 42.32 
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Figure 61 – Average I-V traces collected by Langmuir probe at uniform6 test 

condition 

 

5.3.6.3 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0 ° in a horizontal sweep. The RPA was 

swept from 0 V to 45 0V, and three successive scans were performed. The voltage with the 

largest dI/dV must be determined to acquire the plasma parameters, which are the 

acceleration voltages experienced by ions. Figure 62 illustrates that the maximum value 

achieved at the current operating condition was 261 V. 
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Figure 62 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at uniform6 test condition 

 

5.3.6.4 OES 

The OES scan was performed at three axial positions starting from the exit plane. 

The measurements were obtained at distances of 0 mm, 5 mm, and 10 mm from the exit 

plane. Table 32 displays the location and intensity of light at the exit plane. In order to 

remove any light collected by external light sources, such as the ion gauges in the chamber, 

the background noise was eliminated from the OES scan. The OES measurement was 

obtained at the exit plane, and the background scan is depicted in Figure 63. 
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Figure 63 – Plume light intensity spectrum collected using OES at uniform6 test 

condition 

 

Table 32 – Plume intensity measurements for uniform6 test condition at 0 mm, 5 mm, 

and 10 mm from the thruster exit plane. 

 

 

 

5.3.6.5 Oscilloscope 

Table 33 shows time-resolved measurements of the thruster discharge 

characteristics under operating conditions. In order to eliminate any discrepancies in the 

measurements that may have resulted from plasma fluctuations, five measurements were 

Test No. 
Condition 

Name 

Distance 

from exit 

plane 

(mm) 

𝜆𝑚𝑎𝑥 

(nm) 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡  

7. uniform6 0 811.24 12216.88 

7. uniform6 5 811.24 7995.34 

7. uniform6 10 811.24 5229.44 
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recorded over a two-hour period and averaged to determine the final discharge 

characteristics. 

Table 33 – Time-resolved measurements of discharge current at uniform6 test 

condition. 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

7. uniform6 9.20 14.21 9.43 

 

5.3.6.6  Thrust Stand 

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

75.7 mN with an error of ±2 mN. Specific impulse obtained for the current operating 

condition was 1368 s. 

 

5.4 Azimuthal Magnetic Field Gradient Conditions 

5.4.1 Gradient 1 Test condition 

5.4.1.1 Sweep Probe Apparatus 

The Sweep Probe apparatus is operated after the thrust has achieved the thermal 

steady state condition. The apparatus consists of a Faraday probe that collects ion current 
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across a hemispherical area. The collector and the guard ring of the Faraday are biased to 

-30 V using the Keithley 2470 source meter. Measurements are conducted with a 

continuous sweep ranging from -41 °to 46 °for the probe, with a resolution of 0.1 °for the 

measurements for data analysis. After three consecutive vertical sweeps, the sweep probe 

apparatus mounted on the radial arm is swept horizontally with an angular spacing of 5°. 

This results in a total of 37 horizontally positioned scans ranging from -90° to 90°. The ion 

current measurements from the three-dimensional sweeping of the plume can be seen in 

Figure 64. An ion beam current of 2.19 A with a beam divergence of 25.83° was obtained 

from the raw data from the Faraday probe. The standard error associated with the reading 

is 1.8 × 10-7, deeming the measurements to be highly reliable and accurate. In order to get 

the total ion beam current of the plume, a horizontal scan is conducted with the sweep 

probe apparatus with the position of the Faraday probe at 0°in vertical direction resulting 

in the probe being situated at the centerline. The three-dimensional scan yielded a 37% 

decrease compared to the horizontal sweep in the measurement of ion beam current due to 

the restricted vertical sweep range. The vertical scans were extrapolated using the 

horizontal scan measurements to determine the potential full-scale measurement of the ion 

beam current while preserving the trend of ion current density variation across the 37 

vertical scans. The data extrapolation resulted in measurements that span from -90° to 90° 

in both the vertical and horizontal directions, thereby enabling the total estimation of the 

hemispherical ion current for P5 at 2.3 kW, as illustrated in Figure 65. An ion beam current 

measurement of 4.29 A and a divergence angle of 34° were obtained from the extrapolated 

three-dimensional ion current. The ion beam current measurements were evaluated after 
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correcting for secondary electron emission and charge exchange at horizontal and vertical 

angles, yielding a 95% ion beam percentage. 

 

Table 34 – Calculated ion beam properties at gradient1 test condition on krypton 

using sweep probe apparatus. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

2 gradient 1 7.91 4.29 34 54.28 

a)  
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b)  

Figure 64 – Raw measurements of a)Three-dimensional ion current density variation 

with horizontal and vertical sweep b) Contour map of ion current density at gradient1 

test condition 

a)  
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b)  

Figure 65 – Extrapolated measurements of a)Three-dimensional ion current density 

variation with horizontal and vertical sweep b) Contour map of ion current density 

at gradient1 test condition 

 

5.4.1.2 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90° 

to 90° with a resolution of ±0.17°. The Collector and Guard of the Faraday are biased at -

30 V to collect the ion current in the plume. The measurement of the Faraday probe is 

subject to the same uncertainty margin of ±10% as recommended in Faraday's best 

practices[77]. The radial arm motion control system is subject to a systemic error of ±2%. 

The uncertainty associated with the scan measurements was determined by conducting 

three consecutive scans. Table 35 displays the thruster's current utilization, beam 
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divergence, and ion beam current at the operating condition. Figure 66 displays the revised 

Faraday probe scan representing the ion current density. 

 

Figure 66 – Raw and corrected ion current density for a horizontal sweep at gradient1 

test condition 

 

Table 35 – Calculated ion beam properties at gradient1 test condition on krypton 

using Faraday probe 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

2 gradient 1 7.91 4.20 33.67 53.18 
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5.4.1.3 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0 °at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 

scans, sweeping from -50 V to 80 V. Table 36 depicts plasma parameters such as electron 

density, temperature, and potential obtained from the data analysis of the I-V trace. The I-

V traces obtained from the HET plume exhibited characteristics that resemble the 

principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron 

distribution. The data processing for the trace obtained for the test condition is shown in 

Figure 67. 

 

Figure 67 – Average I-V traces collected by Langmuir probe at gradient1 test 

condition 
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Table 36 – Calculated plume properties at gradient1 test condition on krypton using 

Langmuir probe. 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

2 gradient 1 3.92 1.93×1015 14.60 

 

5.4.1.4 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0° in a horizontal sweep. The RPA was 

swept from 0 V to 450 V, and three successive scans were performed. The voltage with the 

largest dI/dV must be determined to acquire the plasma parameters, which are the 

acceleration voltages experienced by ions. Figure 68 illustrates that the maximum value 

achieved at the current operating condition was 251 V.  

 

Figure 68 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at gradient1 test condition 
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5.4.1.5 Oscilloscope 

Table 37 shows time-resolved measurements of the thruster discharge 

characteristics under operating conditions. In order to eliminate any discrepancies in the 

measurements that may have resulted from plasma fluctuations, five measurements were 

recorded over a two-hour period and averaged to determine the final discharge 

characteristics. 

Table 37 – Time-resolved measurements of discharge current at gradient1 test 

condition. 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

2 gradient 1 7.91 4.22 7.92 

 

5.4.1.6 Thrust Stand 

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

76.02 mN with an error of ±2 mN. Specific impulse obtained for the current operating 

condition was 1373 s. 
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5.4.2 Gradient 2 Test Condition 

5.4.2.1 Sweep Probe Apparatus 

The Sweep Probe apparatus is operated after thrust has achieved the thermal steady 

state condition. The apparatus consists of a Faraday probe that collects ion current across 

a hemispherical area. The collector and the guard ring of the Faraday are biased to -30V 

using the Keithley 2470 source meter. Measurements are conducted with a continuous 

sweep ranging from -41°to 46°for the probe with a resolution of 0.1 °for the measurements 

for data analysis. After three consecutive vertical sweeps, the sweep probe apparatus 

mounted on the radial arm is swept horizontally with an angular spacing of 5°. This results 

in a total of 37 horizontally positioned scans ranging from -90 °to 90°. The ion current 

measurements from the three-dimensional sweeping of the plume can be seen in Figure 69. 

An ion beam current of 2.24 A with a beam divergence of 26° was obtained from the raw 

data from the Faraday probe. The standard error associated with the reading is of 1.8 ×    

10-7, deeming the measurements to be highly reliable and accurate. In order to get the total 

ion beam current of the plume, a horizontal scan is conducted with the sweep probe 

apparatus with the position of the Faraday probe at 0° in vertical direction resulting in the 

probe being situated at the centerline. The three-dimensional scan yielded a 36.9% decrease 

compared to the horizontal sweep in the measurement of ion beam current due to the 

restricted vertical sweep range. The vertical scans were extrapolated using the horizontal 

scan measurements to determine the potential full-scale measurement of the ion beam 

current while preserving the trend of ion current density variation across the 37 vertical 

scans. The data extrapolation resulted in measurements that span from -90° to 90° in both 
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the vertical and horizontal directions, thereby enabling the total estimation of the 

hemispherical ion current for P5 at 2.3 kW, as illustrated in Figure 70. An ion beam current 

measurement of 4.40 A and a divergence angle of 33.91° was obtained from the 

extrapolated three-dimensional ion current. The ion beam current measurements were 

evaluated after correcting for secondary electron emission and charge exchange at 

horizontal and vertical angles, yielding a 95% ion beam percentage. 

Table 38 – Calculated ion beam properties at gradient2 test condition on krypton 

using sweep probe apparatus. 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

3 gradient2 7.94 4.40 34 55.46 

a)  
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b)  

Figure 69 – Raw measurements of a)Three-dimensional ion current density variation 

with horizontal and vertical sweep b) Contour map of ion current density at gradient2 

test condition 

 

a)  
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b)  

Figure 70 – Extrapolated measurements of a) Three-dimensional ion current density 

variation with horizontal and vertical sweep b) Contour map of ion current density 

at gradient2 test condition 

 

5.4.2.2 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90° 

to 90° with a resolution of ±0.17°. The Collector and Guard of the Faraday are biased at -

30 V to collect the ion current in the plume. The radial arm motion control system is subject 

to a systemic error of ±2%. The uncertainty associated with the scan measurements 

was determined by conducting three consecutive scans. Table 39 displays the thruster's 

current utilization, beam divergence, and ion beam current at the operating condition. 

Figure 71 displays the revised Faraday probe scan representing the ion current density.  
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Figure 71 – Raw and corrected ion current density for a horizontal sweep at gradient2 

test condition 

 

Table 39 – Calculated ion beam properties at gradient2 test condition on krypton 

using Faraday probe 

 

 

 

 

 

 

 

5.4.2.3 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0 °at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 

scans, sweeping from -50 V to 80 V. Table 40 depicts plasma parameters such as electron 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

3 gradient 2 7.94 4.32 33.32 54.38 
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density, temperature, and potential obtained from the data analysis of the I-V trace. The I-

V traces obtained from the HET plume exhibited characteristics that resemble the 

principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron 

distribution. The data processing for the trace obtained for the test condition as shown in 

Figure 72.  

 

Figure 72 – Average I-V traces collected by Langmuir probe at gradient2 test 

condition 

 

Table 40 – Calculated plume properties at gradient2 test condition on krypton using 

Langmuir probe. 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

3 gradient 2 3.93 1.94×1015 14.56 
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5.4.2.4 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0° in a horizontal sweep. The RPA was 

swept from 0 V to 450 V, and three successive scans were performed. The voltage with the 

largest dI/dV must be determined to acquire the plasma parameters, which are the 

acceleration voltages experienced by ions. Figure 73 illustrates that the maximum value 

achieved at the current operating condition was 256.5 V. 

Figure 73 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at gradient2 test condition 

5.4.2.5 Oscilloscope 

Table 41 shows time-resolved measurements of the thruster discharge 

characteristics under operating conditions. In order to eliminate any discrepancies in the 

measurements that may have resulted from plasma fluctuations, five measurements were 

recorded over a two-hour period and averaged to determine the final discharge 

characteristics. 
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Table 41 – Time-resolved measurements of discharge current at gradient2 test 

condition. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

3 gradient 2 7.94 5.01 7.92 

 

5.4.2.6 Thrust Stand 

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

75.6 mN with an error of ±2 mN. Specific impulse obtained for the current operating 

condition was 1366 s. 

5.4.3 Gradient 3 Test condition 

5.4.3.1 Sweep Probe Apparatus 

The Sweep Probe apparatus is operated after the thrust has achieved the thermal 

steady state condition. The apparatus consists of a Faraday probe that collects ion current 

across a hemispherical area. The collector and the guard ring of the Faraday are biased to 

-30V using the Keithley 2470 source meter. Measurements are conducted with a 

continuous sweep ranging from -41°to 46°for the probe with a resolution of 0.1 °for the 

measurements for data analysis. After three consecutive vertical sweeps, the sweep probe 
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apparatus mounted on the radial arm is swept horizontally with an angular spacing of 5°. 

This results in a total of 37 horizontally positioned scans ranging from -90° to 90°. The ion 

current measurements from the three-dimensional sweeping of the plume can be seen in 

Figure 74. An ion beam current of 2.23 A with a beam divergence of 26° was obtained 

from the raw data from the Faraday probe. The standard error associated with the reading 

is 1.8 × 10-7, deeming the measurements to be highly reliable and accurate. In order to get 

the total ion beam current of the plume, a horizontal scan is conducted with the sweep 

probe apparatus with the position of the Faraday probe at 0° in vertical direction resulting 

in the probe being situated at the centerline. The three-dimensional scan yielded a 36.9% 

decrease compared to the horizontal sweep in the measurement of ion beam current due to 

the restricted vertical sweep range. The vertical scans were extrapolated using the 

horizontal scan measurements to determine the potential full-scale measurement of the ion 

beam current while preserving the trend of ion current density variation across the 37 

vertical scans. The data extrapolation resulted in measurements that span from -90° to 90° 

in both the vertical and horizontal directions, thereby enabling the total estimation of the 

hemispherical ion current for P5 at 2.3 kW, as illustrated in Figure 75. An ion beam current 

measurement of 4.35 A and a divergence angle of 34° was obtained from the extrapolated 

three-dimensional ion current. The ion beam current measurements were evaluated after 

correcting for secondary electron emission and charge exchange at horizontal and vertical 

angles, yielding a 95% ion beam percentage. 
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Table 42 – Calculated ion beam properties at gradient3 test condition on krypton 

using sweep probe apparatus. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

4 gradient 3 7.94 4.35 34 54.87 

a)  
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b)  

Figure 74 – Raw measurements of a) Three-dimensional ion current density variation 

with horizontal and vertical sweep b) Contour map of ion current density at gradient3 

test condition 

a)  
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b)  

Figure 75 – Extrapolated measurements of a)Three-dimensional ion current density 

variation with horizontal and vertical sweep b) Contour map of ion current density 

at gradient3 test condition 

 

5.4.3.2 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90° 

to 90° with a resolution of ±0.17°. The Collector and Guard of the Faraday are biased at -

30 V to collect the ion current in the plume. The radial arm motion control system is subject 

to a systemic error of ±2%. The uncertainty associated with the scan measurements 

was determined by conducting three consecutive scans. Table 43 displays the thruster's 

current utilization, beam divergence, and ion beam current at the operating condition. 

Figure 76 displays the revised Faraday probe scan representing the ion current density. 



 157 

 

Figure 76 – Raw and corrected ion current density for a horizontal sweep at gradient3 

test condition 

 

Table 43 – Calculated ion beam properties at gradient3 test condition on krypton 

using Faraday probe 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

4 gradient 3 7.94 4.33 33.68 54.48 

 

5.4.3.3 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0°at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 

scans, sweeping from -50 V to 60 V.  
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Table 44 depicts plasma parameters such as electron density, temperature, and 

potential obtained from the data analysis of the I-V trace. The I-V traces obtained from the 

HET plume exhibited characteristics that resemble the principles of Langmuir probe 

theory, suggesting the presence of a Maxwellian electron distribution. The data processing 

for the trace obtained for the test condition as shown in Figure 77. 

 

Figure 77 – Average I-V traces collected by Langmuir probe at gradient3 test 

condition. 

 

Table 44 – Calculated plume properties at gradient3 test condition on krypton using 

Langmuir probe. 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

4 gradient 3 3.85 1.63×1015 14.14 
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5.4.3.4 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0° in a horizontal sweep. The RPA was 

swept from 0 V to 450 V, and three successive scans were performed. The voltage with the 

largest dI/dV must be determined to acquire the plasma parameters, which are the 

acceleration voltages experienced by ions. Figure 78 illustrates that the maximum value 

achieved at the current operating condition was 254 V. 

Figure 78 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at gradient3 test condition 

 

5.4.3.5 Oscilloscope 

Table 45 shows time-resolved measurements of the thruster discharge 

characteristics under operating conditions. In order to eliminate any discrepancies in the 

measurements that may have resulted from plasma fluctuations, five measurements were 
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recorded over a two-hour period and averaged to determine the final discharge 

characteristics. 

Table 45 – Time-resolved measurements of discharge current at gradient3 test 

condition. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

4 gradient 3 7.94 5.11 7.93 

 

5.4.3.6 Thrust Stand 

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

75.9 mN with an error of ±2 mN. Specific impulse obtained for the current operating 

condition was 1371 s. 

5.4.4 Gradient 4 Test Condition 

5.4.4.1 Sweep Probe Apparatus 

The Sweep Probe apparatus is operated after the thrust has achieved the thermal 

steady state condition. The apparatus consists of a Faraday probe that collects ion current 

across a hemispherical area. The collector and the guard ring of the Faraday are biased to 

-30 V using the Keithley 2470 sourcemeter. Measurements are conducted with a 

continuous sweep ranging from -41° to 46° for the probe with a resolution of 0.1° for the 
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measurements for data analysis. After three consecutive vertical sweeps, the sweep probe 

apparatus mounted on the radial arm is swept horizontally with an angular spacing of 5°. 

This results in a total of 37 horizontally positioned scans ranging from -90° to 90°. The ion 

current measurements from the three-dimensional sweeping of the plume can be seen in 

Figure 79. An ion beam current of 2.24 A with a beam divergence of 26° was obtained 

from the raw data from the Faraday probe. The standard error associated with the reading 

is 1.8 × 10-7, deeming the measurements to be highly reliable and accurate. In order to get 

the total ion beam current of the plume, a horizontal scan is conducted with the sweep 

probe apparatus with the position of the Faraday probe at 0° in vertical direction, resulting 

in the probe being situated at the centerline. The three-dimensional scan yielded a 36.9% 

decrease compared to the horizontal sweep in the measurement of ion beam current due to 

the restricted vertical sweep range. The vertical scans were extrapolated using the 

horizontal scan measurements to determine the potential full-scale measurement of the ion 

beam current while preserving the trend of ion current density variation across the 37 

vertical scans. The data extrapolation resulted in measurements that span from -90° to 90° 

in both the vertical and horizontal directions, thereby enabling the total estimation of the 

hemispherical ion current for P5 at 2.3 kW, as illustrated in  

Figure 80. An ion beam current measurement of 4.33 A and a divergence angle of 

34° were obtained from the extrapolated three-dimensional ion current. The ion beam 

current measurements were evaluated after correcting for secondary electron emission and 

charge exchange at horizontal and vertical angles, yielding a 95% ion beam percentage. 
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Table 46 – Calculated ion beam properties at gradient4 test condition on krypton 

using sweep probe apparatus. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

5 gradient 4 8.05 4.33 34 53.74 

 

a)  

 



 163 

b)  

Figure 79 – Raw measurements of a)Three-dimensional ion current density variation 

with horizontal and vertical sweep b) Contour map of ion current density at gradient4 

test condition 

a)  
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b)  

 

Figure 80 – Extrapolated measurements of a)Three-dimensional ion current density 

variation with horizontal and vertical sweep b) Contour map of ion current density 

at gradient4 test condition 

 

5.4.4.2 Faraday Probe 

The Faraday probe is mounted on the radial arm and swept horizontally from -90°to 

90°with a resolution of ±0.17°. The Collector and Guard of the Faraday are biased at -30 

V to collect the ion current in the plume. The measurement of the Faraday probe is subject 

to the same uncertainty margin of ±10% as recommended in Faraday's best practices[77]. 

The radial arm motion control system is subject to a systemic error of ±2%. The uncertainty 

associated with the scan measurements was determined by conducting three consecutive 

scans. Table 47 displays the thruster's current utilization, beam divergence, and ion beam 
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current at the operating condition. Figure 81 displays the revised Faraday probe scan 

representing the ion current density. 

 

Figure 81 – Raw and corrected ion current density for a horizontal sweep at gradient4 

test condition  

 

Table 47 – Calculated ion beam properties at gradient4 test condition on krypton 

using Faraday probe 

 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑏 

(A) 

𝜃𝑑𝑖𝑣 

(°) 
𝜂𝑏 

(%) 

5 gradient 4 8.05 4.34 33.57 53.93 
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5.4.4.3 Langmuir Probe 

The Langmuir probe is positioned on the radial probe arm to collect measurements 

at the thruster centerline. The radial arm is positioned at 0 °at a horizontal sweep angle to 

allow the measurements to be conducted. The Langmuir probe undergoes three consecutive 

scans, sweeping from -50 V to 60 V.  

Table 48 depicts plasma parameters such as electron density, temperature, and 

potential obtained from the data analysis of the I-V trace. The I-V traces obtained from the 

HET plume exhibited characteristics that resemble the principles of Langmuir probe 

theory, suggesting the presence of a Maxwellian electron distribution. The data processing 

for the trace obtained for the test condition as shown in Figure 82. 

 

Figure 82 – Average I-V traces collected by Langmuir probe at gradient4 test 

condition 
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Table 48 – Calculated plume properties at gradient4 test condition on krypton using 

Langmuir probe. 

Test No. 
Condition 

Name 

𝑇𝑒 

(eV) 

𝑛𝑒 

(𝑚−3) 

𝑉𝑝 

(𝑉) 

5 gradient 4 3.72 1.50×1015 13.96 

 

5.4.4.4 RPA Probe 

The RPA probe is located on the radial probe arm, and to take measurements at the 

thruster centerline, the radial arm is positioned at 0 ° in a horizontal sweep. The RPA was 

swept from 0 V to 450 V, and three successive scans were performed. The voltage with the 

largest dI/dV must be determined to acquire the plasma parameters, which are the 

acceleration voltages experienced by ions. Figure 83 illustrates that the maximum value 

achieved at the current operating condition was 253.5 V. 

 

Figure 83 – Average I-V traces collected by RPA(left) and ion energy distribution 

function represented by -dI/dV (right) at gradient4 test condition 
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5.4.4.5 Oscilloscope 

Table 49 shows time-resolved measurements of the thruster discharge 

characteristics under operating conditions. In order to eliminate any discrepancies in the 

measurements that may have resulted from plasma fluctuations, five measurements were 

recorded over a two-hour period and averaged to determine the final discharge 

characteristics. 

Table 49 – Time-resolved measurements of discharge current at gradient4 test 

condition. 

Test No. 
Condition 

Name 

𝐼𝑑 

(A) 

𝐼𝑑,𝑝𝑘2𝑝𝑘 

(A) 

𝐼𝑑,𝑟𝑚𝑠 

(𝐴) 

5 gradient 4 8.05 5.32 7.94 

 

5.4.4.6 Thrust  

Following the completion of measurements with all probes, thrust measurements 

were carried out. The average thrust value was determined by taking consecutive thruster 

measurements in a row. The thruster was permitted to achieve thermal stable state 

conditions between each measurement. The current operating condition yielded a thrust of 

75.3 mN with an error of ±2 mN. Specific impulse obtained for the current operating 

condition was 1360 s. 
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CHAPTER 6 DISCUSSION 

 

This chapter analyzes the findings in Chapter 5 and offers valuable perspectives on 

the data. First, we investigate the change in thruster performance and stability caused by 

the change in uniform magnetic field and present a comparative study with respect to 

baseline conditions. Afterward, we address the thesis question by examining the impact of 

an azimuthal gradient in the magnetic field on thruster performance and the implications 

of an increase in gradient. Additionally, we offer an analysis of the changes in thrust vector 

caused by introducing a gradient utilizing the sweep probe apparatus. 

6.1  Uniform Magnetic Field Effects on Thruster Performance 

6.1.1 Experimental Results Analysis 

As demonstrated in Chapter 5, the baseline test for the P5 thruster was conducted 

at a discharge current of 7.92 A and a voltage of 300 V, with an anode flow rate of 5.61 

mg/s and a cathode flow rate of 0.44 mg/s. The inner and outer coil circuits supplied a 

current of 6 A and 4 A, respectively, to generate a magnetic field of 145 G for the baseline 

condition. Because of the thruster's construction, the magnetic coil's maximal current was 

6 A and 4 A. Therefore, to assess the magnetic field's impact and prevent damage to the 

circuit, the current in the outer coil of the magnetic field was reduced to decrease the 

magnetic field. The inner and outer coil current ratio was maintained at 1.5:1 to ensure the 

trend remained consistent across the channel. Table 50 now offers the performance 
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parameters for the baseline and the six uniform magnetic field configurations, including 

thrust, impulse, efficiency, and stability. 

Table 50 – Performance parameters of P5 for uniform magnetic field configurations 

at 300 V, anode flow of 5.61 mg/s and cathode flow of 0.44 mg/s krypton. 

Test 

Conditi

on No. 

Condition 

Name 

B 

(G) 

𝑇 

(mN) 

𝐼𝑠𝑝 

(s) 
𝑝𝑘2𝑝𝑘 

(%) 

𝜂𝑏 

(%) 

𝜂𝑣 

(%) 

𝜂𝑚 

(%) 

𝜂 

(%) 

1 baseline 145 78.03 1410 52.52 52.05 84.97 59.56 22.90 

2 uniform 1 136 77.06 1392 72.40 50.80 83.91 59.08 21.97 

3 uniform 2 130 76.8 1387 74.48 50.28 84.06 58.55 21.79 

4 uniform 3 125 76.61 1384 69.03 50.88 83.85 59.03 21.77 

5 uniform 4 120 76.51 1382 77.13 49.46 83.98 58.31 21.36 

6 uniform 5 110 76.43 1381 125.31 48.05 83.89 58.17 20.76 

7 uniform 6 93 75.7 1368 154.44 42.32 83.27 56.39 18.51 

 

The baseline condition yielded the greatest thrust of 78.03 mN, with a current usage 

efficiency of 52.05% and peak-to-peak discharge current oscillation of 52.52%. As the 

magnetic field was reduced, the thrust, efficiency, and specific impulse decreased, as 

illustrated in Figure 84. The peak-to-peak percentage represents the stability of the thruster, 

with a higher peak-to-peak percentage indicating a lower level of stability. The stability 

also decreased, as seen by the increase in peak-to-peak percentage. 
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a)  

 

b)  
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c)  

 

Figure 84 – Variations of performance parameters a) thrust b) current utilization 

efficiency and c) pk-to-pk% of discharge current for uniform magnetic field test 

matrix 1 test conditions at 300 V, 5.61 mg/s anode mass flow rate and 0.44 mg/s 

cathode flow rate as a function of magnetic field strength. 

 

Upon examining the performance change, it was evident in Figure 84 that the 

magnetic field's magnitude decreased by an average of 8.66 G incrementally across all 

operational conditions. This change led to an average decrement of 0.38 mN across all 

operational conditions, resulting in an average 0.50% decrease in thrust from the baseline 

for a magnetic field decrease of 7.02%. Acknowledging that the uncertainty surrounding 

the thrust measurement was ±2 mN is crucial. Consequently, the fluctuations in thrust 

were within the uncertainty bounds, indicating a minor impact of the magnetic field change 

on thrust. 
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Similarly, the impulse exhibited the same trend as the thrust, resulting in an average 

magnitude decrease of 7.01 s and a 1.01% decrease with a 7.02% decrease in the magnetic 

field compared to the baseline condition. As the magnetic field decreased by 7.02%, the 

current utilization efficiency experienced 1.62% average decrease in magnitude and 3.42% 

decrease compared to the baseline condition. Lastly, there was a 16.99% increase in the 

peak-to-peak% of the discharge current oscillation when the magnetic field decreased 

across the uniform magnetic field conditions. The uncertainty associated with the 

oscilloscope is taken as ±5%, thus depicting that the magnetic field affects the stability of 

the HET significantly. As outlined in section 5.1, the magnetic field magnitude was 

reduced to ensure that the decrease in magnitude experienced due to the azimuthal gradient 

in a magnetic field was uniformly applied to facilitate measurements using the OES 

diagnostics. Thus, the thruster experienced these operating conditions as extreme 

conditions, indicating the same magnetic field decrease. Upon examining the extreme 

conditions of one coil off and two coils off, as illustrated in the Table 50, condition 1 

was the baseline condition, condition 3 represented one coil off (OC2 circuit), and 

operating condition 5 represented two coils off (OC2 and OC3 circuit). The thrust 

decreased by 1.23 mN and 1.57% as the HET operation transitioned from the baseline to 

the one coil-off condition. The current utilization efficiency decreased by 3.40%, peak-to-

peak discharge current oscillations increased by 41.81%, and the magnetic field decreased 

by 10.34%. In the same way, the reduction of the magnetic field by 17.24% resulted in a 

decrease of 1.52 mN and 1.94% in thrust, a 4.97% decrease in efficiency, and a 46.84% 

increase in the peak-to-peak discharge current oscillations compared to the baseline 

condition. 
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In light of the model established in Chapter 3, the magnetic field is a critical factor 

in the influence of the ionization and acceleration processes. Changes in plasma parameters 

and thruster performance result from the influence of the magnetic field. The model 

illustrates the impact of the magnetic field magnitude at the departure plane on the various 

performance parameters. The electron confinement in the channel decreases as the 

magnetic field of the HET decreases. The reduction in confinement leads to decreased 

collision frequency, which induces ionization due to the reduced electron number density. 

Due to the reduction in the probability of ionization collision, the ohmic heating 

experienced by electrons decreases temperature. The electron's energy is less than that of 

the electron's in the baseline case as the collision frequency decreases and the electron 

temperature decreases. A decrease in the electron temperature results in a decrease in the 

energy possessed by the charged species, which leads to a less positive plasma potential at 

that location. The electron travels further within the channel to gain the energy required for 

ionization. 

Consequently, the region responsible for ionization acceleration moves in the 

direction opposite to the flow, towards the anode. As a result of the electrons' movement 

causing the ionization acceleration region to move upstream, the length of the acceleration 

region that the ions observe increases. The ions are now generated at a location further 

upstream. The loss voltage has increased as a result of the increased likelihood of wall 

collisions and neutralization collisions among the ions. The rise in the voltage loss with a 

constant discharge voltage leads to a decrease in the acceleration voltage. The reduction in 

acceleration voltage indicates a decrease in ion velocity, which causes a change in 

efficiency, specific impulse, and thrust. Although the results presented emphasize the 
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alteration of plasma parameters within the channel, the experimental results indicate that 

the channel plasma parameters influenced the far-field plume measurement and can offer 

a comprehensive representation of the impact of the magnetic field on thruster 

performance. 

Comparing the experimental results to the baseline condition, we observed an 

average 5.79% decrease in electron temperature and an average 0.34% decrease in 

acceleration voltage. These findings provide strong evidence for the model's capability to 

detect the impact of the magnetic field on the plasma parameters. The observed trends in 

Figure 85 further validate the model, depicting the real-world impact of the magnetic field 

on thruster performance. 

 

Figure 85 – Electron temperature variation as a function of magnetic field for uniform 

magnetic field test matrix 1 test conditions at 300 V, 5.61 mg/s anode flow rate, and 

0.44 mg/s cathode flow rate. 
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Figure 86 – Ion acceleration voltage variation as a function of magnetic field for 

uniform magnetic field test matrix 1 test conditions at 300 V, 5.61 mg/s anode mass 

flow rate, and 0.44 mg/s cathode flow rate. 
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acceleration region, as illustrated in section 3.2.2. The neutral emission wavelength, which 

emits the highest light intensity, was employed to monitor the alterations in response to 

varying magnetic fields. The maximal intensity light's wavelength, 811.24 nm, remained 
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in light intensity at the 10 mm condition. The collimator was then moved downstream of 

the exit plane using the linear motion stage. The light intensity of the neutral emission line 

decreased as the collimator receded from the exit plane. This decrease in intensity resulted 

from the principle that the plume primarily consists of neutralization collisions. 

Consequently, the other collisions result in energy emission due to the variation in 

metastasis of different particles, such as the excitation of neutrals, decreasing as we move 

away from the region of the maximum magnetic field. The light intensity of the neutral 

emission line decreased by 61.36% as the magnetic field was reduced by 17.93% as 

compared to the baseline, as illustrated in Figure 87. This decrease in light intensity 

illustrated the fluctuation in the ionization and acceleration region's location. When the 

intensity diminished, it indicated that the region had shifted upstream compared to the 

baseline. 

 

Figure 87 – Plume light intensity variation as a function of  magnetic field at 0 mm, 5 

mm, and 10 mm from thruster exit plane field for uniform magnetic field test matrix 

1 test conditions at 300 V, 5.61 mg/s anode flow rate and 0.44 mg/s cathode flow rate. 
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Due to the collimator's placement outside the exit plane and the region of ionization 

and acceleration inside the channel, measurements of that region were unavailable. In 

conjunction with the high background noise, this led to an inability to observe any ion 

emission line that could provide a more precise understanding of the ionization process. A 

CRM model will be necessary for future studies to provide a detailed and accurate 

explanation of the processes that led to the observed trends resulting from a collision. 

Moreover, it is presently beyond the scope of the present investigation. 

6.1.2 Summary 

The model depicted in section 3.2.2 was validated by the evidence provided in this 

section, which illustrated the magnetic field's effect on the thruster's performance. The 

model indicates that a reduction in the magnetic field from the optimal magnetic field 

condition leads to a decrease in the stability and performance of the thruster. As the 

magnetic field decreases, the thrust and efficiency decrease as a result of the reduction in 

the ion beam current, which is a result of the effect of the magnetic field on ionization 

acceleration phenomena. The degree of oscillation in the discharge current, which is 

indicative of the instability of the HET operation, increases as the thruster deviates from 

the optimal magnetic field operating condition. Experimentally, magnetic field impact had 

the most influence on the thruster's stable operation and the least on the generated thrust. 

As opposed to a 0.50% decrease in thrust, a 7.02% decrease in magnetic field resulted in a 

16.99% decrease in stability. The current utilization efficiency was the most significantly 

impacted by the change in magnetic field and significantly contributed to the overall 
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efficiency variations observed as the magnitude of the magnetic field decreased from the 

ideal operating condition of P5 in the current environment. 

6.2 Azimuthal Magnetic Field Gradient Effects on Thruster Performance 

6.2.1 Experimental Results Analysis 

Evaluation of various uniform magnetic field configurations demonstrated the 

significant influence of the magnetic field on the performance of HET. Deviation from the 

optimal operating conditions reduced the performance and operation of the P5 thruster. In 

light of the findings of the preceding section, it is imperative to address the current research 

question. To quantify the change in HET performance caused by an azimuthal magnetic 

field gradient, an azimuthal magnetic field gradient was intentionally introduced into the 

channel, as described in section 4.1. The alteration in the current flow to the OC2 and OC3 

coil circuits, which operated independently, facilitated the gradient in the channel. Table 

51 presents the observed performance of the thruster under the baseline condition and four 

different operating conditions with varying magnitudes of the azimuthal magnetic field 

gradient. The four test scenarios range in the amount of current provided to the coils, 

resulting in variations in thrust, efficiency, and peak-to-peak% discharge current 

oscillation.                    
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Table 51 – Performance parameters of P5 for azimuthal magnetic field gradient 

configurations at 300 V, anode flow rate of 5.61 mg/s, and cathode flow rate of 0.44 

mg/s krypton. 

Test 

No. 

Condition 

Name 

𝐵𝑙 

(G) 

𝛻𝜃𝐵𝑟 

(G/°) 
𝑇 

(mN) 

𝐼𝑠𝑝 

(s) 

𝑝𝑘2𝑝𝑘 

(%) 
𝜂𝑏 

(%) 

𝜂𝑣 

(%) 

𝜂𝑚 

(%) 

𝜂 

(%) 

1 baseline 145 0.00 78.03 1410 52.52 52.05 84.97 59.56 22.90 

2 gradient1 137 0.18 77.06 1392 72.40 50.80 83.91 59.08 21.97 

3 gradient2 131 0.31 76.8 1387 74.48 50.28 84.06 58.55 21.79 

4 gradient3 125 0.30 76.61 1384 69.03 50.88 83.85 59.03 21.77 

5 gradient4 121 0.36 76.51 1382 77.13 49.46 83.98 58.31 21.36 

 

As detailed in section 5.1, the baseline condition for the P5 optimal operating 

condition was 300 V and 7.92 A, with a cathode mass flow of 5.61 mg/s and a cathode 

mass flow of 0.44 mg/s of krypton. The magnetic circuit configuration consisted of 6 A for 

the inner coil circuit and 4 A for the outer coil circuits. The baseline condition was the 

optimal operating condition for P5, resulting in the highest propulsion of the magnitude of 

78.03mN, a current utilization efficiency of 52.05%, and a peak-to-peak% discharge 

current oscillation of 52.52%. With the introduction of the magnetic field gradient, the 

magnitude of the gradient increased throughout the operation condition, resulting in a 

decrease in thruster performance, as illustrated in Figure 88. The magnitude of the magnetic 

field in the localized region was reduced due to the reduction in current across the two 

independently operating coils. However, the area spans across which the gradient was 

observed was also increased. As the magnitude of the azimuthal gradient grew, the thrust 

and efficiency of the thruster both decreased due to the higher magnitude. The instability 

is indicated by the peak-to-peak percentage, where the higher the peak-to-peak percentage, 

the less stable the thruster operation. The thruster operation became more unstable as the 
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azimuthal gradient increased, increasing the peak-to-peak % of discharge current 

oscillation. The trends closely aligned with the uniform magnetic field test matrix 

outcomes. This variation in performance also indicated that a significant impact was 

observed despite the gradient being very small compared to the magnetic field's magnitude 

in the uniform portion of the channel. 
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b)  

c)  

Figure 88 – Variations of performance parameters a) thrust b) current utilization 

efficiency and c) pk-to-pk% of discharge current for azimuthal gradient magnetic 

field gradient test matrix 2 test conditions at 300 V, 5.61 mg/s anode flow rate and 

0.44 mg/s cathode flow rate as a function of local magnetic field strength. 
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By examining the performance change, it is evident in Figure 88 that the magnitude 

of the magnetic field in the region of maximal gradient decreased by an average of 6.00 G 

across all operational conditions. Implementing the localized gradient led to an average 

reduction of 0.68 mN in thrust across all operational conditions, resulting in a 2.97% 

decrease from the baseline. Locally, the magnetic field experienced an average 4.41% 

decrease due to the gradients. As stated in the preceding section, the uncertainty associated 

with the thrust measurement is ±2 mN. Therefore, the changes in thrust lie slightly beyond 

the uncertainty ranges, indicating a minimal impact of magnetic field shifts on thrust. 

Similarly, the impulse exhibited the same trend as the thrust, resulting in an average 

magnitude decrease of 12.32 s and a 2.97% decrease with a gradient in the magnetic field 

compared to the uniform condition. The current utilization efficiency experienced an 

average 4.64% decrease in magnitude for a 24.49% decrease with a gradient in the 

magnetic field compared to the baseline condition. Finally, the peak-to-peak % of the 

discharge current oscillation increased on average by 20.6% due to the gradient 

introduction. The azimuthal magnetic field gradient's influence on thruster stability 

illustrated that the stability of thruster operation is one of the thruster performance 

parameters that was most significantly influenced by non-uniformity. 

The OES setup could not obtain radial measurements at the exit plane because the 

azimuthal magnetic field gradient was present only in a localized channel region. The 

measurements for the azimuthal gradient location will be obscured by the measurements 

obtained in the uniform region, as OES is a line-of-sight measurement technique. As 

provided in section 5.1, the magnetic field magnitude was reduced to ensure that the 

decrease in magnetic field due to the introduction of azimuthal gradient in the channel was 
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uniformly applied to facilitate measurements using the OES diagnostics. Thus, the thruster 

experienced these operating conditions as extreme conditions, indicating the same 

magnetic field decrease Figure 89. Section 5.3 presented experimental information 

acquired from the measurements. 

To summarize the findings, the HET's thrust decreased by 2.43 mN and 3.11% as 

the operation transitioned from the baseline to the one coil-off condition. The efficiency 

also decreased by 23.29%, peak-to-peak discharge current oscillations increased by 

23.59%, and the magnetic field decreased by 9.65%. In the same way, the reduction of the 

magnetic field by 16.55% for two coil off condition resulted in a decrease of 2.73 mN and 

3.49% in thrust, a 25.67% decrease in efficiency, and a 31.51% increase in the peak-to-

peak discharge current oscillations. 

Figure 89 – Plume light intensity variation with decreasing magnetic field at 0 mm, 5 

mm and 10 mm from thruster exit plane field at one coil off and two coils off condition 

synonymous conditions of test matrix1 at 300 V, 5.61 mg/s anode flow rate and 0.44 

mg/s cathode flow rate as a function of magnetic field strength. 
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In light of the model established in Chapter 3, the magnetic field is a critical factor 

in the influence of the ionization and acceleration processes. As demonstrated in section 

3.2.2, the impact of the magnetic field was translated into a change in plasma parameters 

and, consequently, the thruster's performance. The model now illustrates the impact of the 

azimuthal magnetic field on the performance parameters in the vicinity of the exit plane. 

The magnetic field experienced an azimuthal gradient due to the localized region's loss of 

magnetic field. The electron's confinement in the channel decreases as the electrons 

transition from the high uniform magnetic field region to a sectional lower magnetic field 

region as a result of the gradient's introduction in the HET channel. The lesser confinement 

of the electrons increases the electron flux in the gradient region. The reduction in 

confinement leads to a decrease in collision frequency, resulting in a decrease in ionization 

due to the reduced electron number density. Electrons undergo ohmic heating, leading to a 

decrease in temperature due to the decreased likelihood of ionization collisions. A decrease 

in the electron temperature results in a decrease in the energy possessed by the charged 

species, which leads to a less positive plasma potential at that location. Therefore, an 

azimuthal magnetic field gradient operating condition results in a non-uniform distribution 

of the electron number density and electron temperature in the channel. The electron 

temperature decreases along the collision frequency, leading to a decrease in the total 

energy the electrons acquire as they travel azimuthally. The decrease in energy causes the 

electron to travel upstream in the region of the azimuthal gradient to gather energy for 

ionization. This motion leads to a localized shift in the ionization acceleration region, 

which causes the region to move upstream towards the anode at the gradient's location. 
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The location of the ionization acceleration region is not uniform across the channel 

due to the azimuthal magnetic field gradient. The length of the acceleration region 

increases in the magnetic field gradient region due to the variations in the location of the 

ionization acceleration region. Consequently, the azimuthal gradient influences the ions, 

as they are now formed further upstream within the localized region. The loss voltage has 

increased as a result of the increased likelihood of wall collisions and neutralization 

collisions among the ions. The acceleration voltage decreases due to the increase in the loss 

voltage for a fixed discharge voltage. The decrease in acceleration voltage indicates a 

decrease in ion velocity, which causes a change in efficiency, specific impulse, and thrust. 

It is vital to note that an azimuthal magnetic field gradient influences plasma characteristics 

in the confined region and causes an overall decrease across the channel. The average 

integral of the energy distribution of the electron varies from the uniform magnetic field 

baseline condition as the electron transitions from the low magnetic field gradient region 

to the high magnetic field uniform region, resulting in reduced energy.  

As observed, the introduction of an azimuthal magnetic field gradient leads to a 

reduction in current utilization efficiency, which has a significant impact on the thruster's 

stability, increasing discharge current oscillation. Further examination of the discharge 

current oscillation reveals that the electron motion can be characterized as a blend of 

thermal and kinetic energy. The kinetic energy of electrons increases, and thermal energy 

decreases as a result of a decrease in the magnetic field. In order to stabilize the discharge 

current oscillation, it is imperative to maintain the energy balance. The momentum transfer 

collision frequency decreases as the electrons propagate from the region of the high 

magnetic field to the low magnetic field, and the electron temperature decreases as a 
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consequence of reduced ohmic heating. This variation leads to non-uniformities 

throughout the channel during ionization collisions. The imbalance between Joules heating 

and the convection term associated with wall loss caused by enhanced oscillation increases 

as the electrons drift in the azimuthal and axial direction. A decrease in thermal energy 

indicates a decrease in ionization collision and an increase in atom excitation collision. 

Therefore, the azimuthal gradient results in a general decrease in the ion beam current, 

leading to a decrease in the efficiency of current utilization. Not only does the azimuthal 

gradient increase the mobility of electrons, but it also causes the gyroscopic frequency to 

fluctuate and increase in the region of the low magnetic field due to the variation of the 

magnetic field. The proper confinement of electrons in the axial and azimuthal directions 

is necessary to maintain or accomplish the stability of HET, as shown by discharge current 

oscillation. The reduction in electron confinement affects the frequency of ionization 

collisions, and electron generation near the anode results in a non-uniform length of the 

ionization acceleration area, resulting in variations in electron number density across the 

channel. The collision frequency and electron production rate influence the discharge 

current oscillation, resulting in the non-stable operation of HET, which attempts to 

maintain plasma discharge. The introduction of gradient has the most significant impact on 

discharge current oscillation, as the magnitude of the magnetic field significantly 

influences electron motion and collision processes. 

The results presented emphasize the change in plasma parameters at the far field 

despite the azimuthal gradient resulting in the highest reduction in the magnitude of the 

magnetic field, which is 16.55% of the baseline magnetic. The model offers potential 

explanations for the processes taking place in the channel. The plume measurement serves 
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as evidence of the significant influence of in-channel non-uniformities. Thus, clearly 

establishing the impact of the azimuthal magnetic field gradient on thruster performance. 

The diagnostics discussed in section 4.4 were employed to conduct measurements to 

observe the far-field changes caused by the gradient. The experimental results 

demonstrated a reduction of 8.12% in electron temperature and a decrease of 5.09% in 

acceleration voltage compared to the baseline condition when one coil was turned off. 

Additionally, there was a decrease of 12.90% in electron temperature and a 

decrease of 6.03% in acceleration voltage when two coils were turned off as seen in Figure 

90. Examining the uncertainty linked to the Langmuir and RPA probe, there was a strong 

rationale for the capability to detect the impact of the azimuthal gradient on the plasma 

parameters. Figure 88 illustrates the model's validation of the thruster's efficiency in 

relation to the magnetic field. It is crucial to emphasize that the other magnetic circuit 

maintained sufficient operational stability to enable continuous thruster operation despite 

the thruster experiencing a decrease in stable operation due to the two coils in the circuit 

being off in the investigation. 
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Figure 90 – Electron temperature variation as a function of local magnetic field for 

azimuthal magnetic field gradient test matrix 2 test conditions at 300 V, 5.61 mg/s 

anode flow rate and 0.44 mg/s cathode flow rate. 

 

Figure 91 – Ion acceleration voltage variation as a function of local magnetic field for 

azimuthal magnetic field gradient test matrix 2 test conditions at 300 V, 5.61 mg/s 

anode flow rate, and 0.44 mg/s cathode flow rate. 
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maximum ion current collected by the sweeping Faraday probe by utilizing the three-

dimensional measurement of the ion current density acquired through the custom-designed  

sweep probe apparatus. When a Faraday scan cannot pick up on the distinctive double 

peaks, the ion current density peak becomes a reliable substitute for them in finding the 

thrust vector[71]. Qualifying a thrust vector is an intricate process that requires using 

indirect measuring techniques to quantify the attributes associated with the thrust vector 

accurately. Plasma properties, including the ion beam current, are estimated to determine 

the location of the thrust vector. As a result of the indirect measurement techniques, it is 

necessary to make assumptions. It is presumed that the peak of the ion beam current 

density, which represents the maximum density present and provides the most significant 

contribution of the ions in the plume, represents the location of the thrust vector. 

Consequently, the experiment was conducted in the absence of a double peak. Table 52 

displays the thrust vector's location for the baseline line condition and the varying 

azimuthal magnetic field gradient condition. Figure 92 illustrates the thrust vector position 

in a graphical format. 

Table 52 – Thrust vector position for azimuthal magnetic field gradient test 

conditions at 300 V, 5.61 mg/s anode, and 0.44 mg/s cathode flow rates. 

 

Test No. 
Condition 

Name 
𝐵𝑙 

(G) 

𝛻𝜃𝐵𝑟 

(G/°) 
Horizontal  

(°) 

Vertical 
(°) 

1 baseline 145 0.00 0 4 

2 gradient1 137 0.18 5 2 

3 gradient2 131 0.31 5 3 

4 gradient3 125 0.30 5 3 

5 gradient4 121 0.36 5 1 
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Figure 92 – Graphical representation of thrust vector position for azimuthal magnetic 

field gradient test conditions at 300 V, 5.61 mg/s anode flow rate and 0.44 mg/s 

cathode flow rate. 

The thruster's inclination was measured during the installation process, and a 

vertically downward angular incline of 0.2° was determined. This inclination was 5% of 

the thruster vector value obtained for the baseline condition and, as a result, will be 

disregarded in the current analysis. The thrust vector for the baseline condition was 

determined to be 0° horizontally and 4° vertically downward. The two coils, independently 

actuated, were situated on the right side of the thruster when viewed from the front, as 

illustrated in Figure 16.The position of the thrust vector changed to 5° horizontally and 3° 

vertically when the OC2 circuit was off. The incorporation of azimuthal gradient in the 

magnetic field leads to a reduction in the frequency of ionization collisions. Furthermore, 

the alteration in length within the ionization acceleration region causes a decrease in the 

overall ion beam current observed during the scan conducted with the sweep probe 
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apparatus to measure ion current density. The ion current density peak was deviated due to 

the magnetic field lines passing through the inner coil being modified due to the OC2 

circuit being turned off and tilted towards the outer coil rather than at the centerline 

location, which was probable for the magnetic field lines. As illustrated in Figure 93, this 

variation in the magnetic field topology was visible in the COMSOL simulation for the two 

extreme conditions. The change in the magnetic field line generates a deviation in the 

equipotential lines. The displacement of equipotential lines influences ion motion, causing 

the thrust vector to deviate in the direction of the area of the azimuthal gradient. The 

magnitude of the deviation is contingent upon the span/length of the gradient and the 

magnitude of the magnetic field. The OC2 and OC3 circuits being off corresponded to the 

two coils being turned off condition. It is evident that the presence of a 0.04 G/° higher 

gradient, as opposed to a single coil being off, caused a 2° vertical deviation in the thrust 

vector. The magnetic field experienced a greater magnitude decrease due to the additional 

coil's turning off. Additionally, the gradient was able to traverse a larger area, resulting in 

a fluctuation in the vertical position of the peak. After conducting experiments, it was also 

observed that the horizontal displacement of the thrust vector by 3° from the baseline 

condition led to an increase in erosion in the channel at the location of the azimuthal 

magnetic field gradient. As compared to the area of the channel containing a uniform 

magnetic field, the thickness of the channel at the site of gradient introduction decreased 

by 1mm during the 24-hour operation in a non-uniform magnetic field condition. The 

erosion in the channel resulted from the increase in ion beam current was observed in the 

gradient direction using the Sweep probe apparatus, which was substantiated by the 

increase in ion wall collisions. 
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a)  

 

 

b)  

 

 

Figure 93 – COMSOL simulations of P5 magnetic field at a) one coil off condition b) 

two coils off condition showing tilt towards outer coil with increase in azimuthal 

gradient 
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6.2.2 Summary 

This section presents the necessary evidence to validate the model shown in section 

3.2.3, which illustrates the impact of the azimuthal magnetic field gradient on the thruster's 

performance. The quantification of the variation in the thruster performance and operation 

owing to the existence of the gradient was provided, answering the research question posed 

in the thesis. The thruster's efficacy and stability are reduced as the magnitude of the 

azimuthal magnetic field gradient in the HET channel increases, as indicated by the model. 

Upon the introduction of the azimuthal magnetic field, the thrust and efficacy decrease as 

a result of the impact of magnetic field non-uniformities on the electron motion, which in 

turn affects the associated ionization acceleration phenomena. The azimuthal magnetic 

field gradient has the most significant impact on the instability of the HET operation, which 

is characterized by the degree of oscillation in the discharge current. According to the 

model, this instability increases as the gradient's magnitude increases. Experimentally as 

well the azimuthal magnetic field gradient's presence had the greatest impact on the stable 

operation of the thruster and the least on the thrust it generated. In contrast to a 3.49% 

decrease in thrust, a 0.36 G/° gradient in the magnetic field leads to a 31.51% decrease in 

stability. As the magnitude of the azimuthal gradient of the magnetic field increased, the 

current utilization efficiency was the most significantly impacted and contributed 

significantly to the overall efficiency decrease. 
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CHAPTER 7 CONCLUSION AND FUTURE WORK 

7.1 Conclusion and Contribution 

The primary objective of the present study was to quantify the impact of 

incorporating an azimuthal magnetic field gradient on HET performance. To accomplish 

this objective, we divided the outer coil circuit into three segments: two independent coils 

and six coils connected in series. By deactivating the electrical current flowing through the 

separate coils, a magnetic field with a varied magnitude was created in the channel, 

resulting in an azimuthal gradient. The research aimed to address the following question: 

“How does azimuthal magnetic field gradient affect Hall effect thruster performance and 

stability?” 

It has been determined that a gradient in the azimuthal magnetic field reduces the 

performance of the HET. The current investigation yielded the subsequent findings: 

1) According to the increase in the peak-to-peak percentage of discharge current 

oscillations, the gradient has the most significant impact on the stability of the HET. 

The thruster efficiency also decreased due to the gradient, while the thrust 

experienced the most negligible impact.  

2) The exclusive development of the sweep probe apparatus for the current study 

facilitated the observation of the impact due to the non-uniformities by allowing for 

three-dimensional measurements of the plume. The significance of the current 

research question was underscored by our ability to provide experimental evidence 
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that the thrust vector, represented by the location of the highest ion current in the 

investigation, was displaced.  

3) It is also important to note that the thruster continued to operate without shutting 

down, even though two coils were off, resulting in the peak-to-peak % of discharge 

current oscillations of 69.07%. This analysis offered a perspective on the close drift 

of electrons, which is a critical principle that should be employed in the 

development of thrusters to ensure that they operate reliably. 

Through this study, we made a significant contribution to understanding the impact 

of non-uniformities in the azimuthal magnetic field gradient on the thruster's performance, 

specifically in terms of efficiency, thrust, and stability. Presence of an azimuthal magnetic 

field gradient in the channel leads to a localized drop in the magnetic field, affecting the 

electrons' mobility. The azimuthal magnetic field gradient induces an enhanced electron 

drift in both the azimuthal and axial directions. The aggregate kinetic energy increases due 

to the increased drift of electrons while the thermal energy of the electrons decreases. The 

ionization region moves upstream towards the anode as a result of the displacement of the 

ionization acceleration region caused by decrease in the thermal energy as indicated by the 

electron temperature. Ionization occurs near the anode as a consequence of the azimuthal 

magnetic field gradient, which leads to a decrease in the acceleration voltage observed by 

ions and an increase in wall losses. Therefore, the presence of an azimuthal gradient in the 

magnetic field leads to an increase in electron velocity and a decrease in the overall ion 

velocity, which consequently results in an increase in the discharge current oscillation and 

a decrease in the thrust provided by the thruster. In addition, the three-dimensional 

characterization of the P5 HET plume was another contribution of the current research. 



 197 

This characterization offered a more precise depiction of the HET plume, serving as a 

versatile tool for measuring the plumes of individual thrusters and clusters of thrusters in 

the field of electric propulsion. 

7.2  Future Work 

Future work for this study entails measuring plasma parameters within the thruster 

channel to determine how local azimuthal magnetic field changes affect these parameters. 

The measurement conducted within the channel with a gradient will establish correlations 

between the recorded plasma properties and the far field measurements observed during 

changes in the magnetic field. Another aspect that requires to be verified is usage of non-

invasive measurement techniques to provide more accurate measurements regarding the 

variation of plasma properties inside the channel. These techniques will allow us to verify 

the displacement of ionization acceleration region due to the introduction of azimuthal 

magnetic field gradient. Observing the impact to a greater extent is possible by introducing 

a higher magnitude of the gradient, which can result in the HET operating at its maximal 

gradient. Future studies will be critical in qualifying thrusters for space flights by the 

commercial sector, which produces large quantities of thrusters. 

Another aspect of future work related to the investigation is to improve the sweep 

probe device. This improvement will enable readings at a faster velocity, which is crucial 

for real-time data analysis. Using the enhanced sweep probe apparatus for centrally 

mounted and externally mounted cathodes will show how cathode position affects plume 

characterization and demonstrate the benefits of centrally mounted cathodes, which EP 

research is promoting. Additionally, employing the improved sweep probe apparatus to 
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investigate cluster orientation and configuration would significantly enhance the precision 

of measurement capabilities for the evaluation of thrust and efficiency in commercially 

deployed cluster configurations, leading to more efficient and reliable plasma propulsion 

systems. 
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