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Alternative Propellant Performance
in Hall Effect Thrusters

by Thomas Francis Munro-O’Brien

This thesis investigates the scaling, design, and performance of a novel modular
high-voltage Hall effect thruster operating on alternative propellants, with the aim of
enhancing understanding of alternative propellant performance and reducing mission
costs compared to conventional xenon-propelled systems. As the electric propulsion
community seeks to reduce reliance on xenon, a propellant marred by scarcity and
volatile price, lighter alternatives such as krypton and argon offer potential
cost-saving and advantages in specific impulse without the xenon-associated supply
chain constraints. However, in traditional Hall thrusters this potential increase in
specific impulse is often offset by lower propellant utilisation, stemming from their
smaller ionisation cross-sections and higher ionisation energies. Furthermore, while
prior work has established empirical scaling methods for xenon-fed thrusters, the lack
of comprehensive performance data for alternative propellants has hindered their

optimisation.

To address this gap, two key contributions are presented: the development of an
extended semi-empirical scaling methodology that preserves propellant-specific
properties, and the experimental characterisation of a modular discharge channel
thruster designed to investigate the influence of channel geometry, namely mean

channel diameter, and channel width, on alternative propellant performance.

The scaling framework builds upon semi-empirical methodologies by Dannenmayer
et al. and Kim et al., extending previous work through preservation of
propellant-dependent metrics and enabling direct scaling for krypton Hall effect
thrusters. To validate this scaling methodology, a novel modular Hall thruster was
designed, featuring a discharge channel with adjustable width and mean diameter
while maintaining constant magnetic, electrical, diagnostic, and fluidic configurations.
This design enabled a systematic comparison of xenon, krypton, and argon across
nine distinct channel geometries at discharge voltages up to 600 V. The final thruster,
scaled using this new method for krypton at 2.5 kW and 600 V, was designated the
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Southampton High-voltage Anode-layer Research Krypton 600 V “SHARK-600V”.
An optional thruster-with-anode-layer configuration was also tested as a potential
method for enhancing alternative propellant performance, though full
characterisation was not possible.

The experimental results from the University of Southampton campaign reveal clear
propellant-specific trends: xenon exhibits efficiency degradation at high voltages,
krypton shows similar degradation only for certain geometries, and argon
demonstrates reduced performance sensitivity to geometry, with greater stability
sensitivity to geometry across the range of tested flow rates and voltages. At
optimised conditions, krypton achieved a specific impulse of 2809 s and an anode
efficiency of 35.8 %, exceeding that of xenon of (2422 s, 34.7 %) but with slightly
reduced thrust (109.3 mN vs. 115 mN). Argon attained comparable specific impulse
(2537 s) but with reduced thrust (81.7 mN) and anode efficiency (24.8 %).

To further utilise this dataset, a Gaussian process regression model was trained on this
experimental dataset, creating a continuous surrogate-model of thruster performance
across the input parameter space. The model enabled interpolation between tested
geometries and extrapolation to untested conditions, all with quantified uncertainty.
Crucially, the optimal geometries identified by the GPR model showed meaningful
agreement with the semi-empirical scaling predictions, providing experimental
validation of the scaling approach developed for this thesis. For argon, where
conventional scaling methods cannot be applied due to insufficient literature data, the
GPR model provided a novel experimentally derived optimal channel geometry,

offering preliminary design guidance for future argon thruster development.

Cross-facility validation at the University of Michigan on krypton further
strengthened these findings through direct thrust measurements and far-field plume
diagnostics using a retarding potential analyser, ExB probe, and a Faraday probe.
Direct thrust measurements for krypton identified a peak performance at 50 sccm and
600 V, with a specific impulse of 3511.2 s, thrust of 107.3 mN, and an anode efficiency
of 58.1 %. At 60 sccm and 500 V, direct thrust measurements yielded 2901.5 s,

106.4 mN, and 50.6 % (£2.24 %) efficiency, while probe-derived results closely
matched, reporting 50.7 % anode efficiency comprised of 97.1 % charge efficiency,
70.2 % divergence efficiency, 88.4 % current efficiency, 95.0 % voltage efficiency, and

88.5 % mass utilisation efficiency.

Testing at the University of Michigan revealed consistently higher performance in
terms of anode efficiency, thrust, and specific impulse. These results from direct thrust
measurements are corroborated by the far-field probe measurements, showing good
agreement between the direct thrust anode efficiency and the probe-derived anode
efficiency. These cross-facility results both validate the core geometry and highlight
the high-performance capability of high-voltage Hall thrusters operating on krypton.



Importantly, although absolute performance at Michigan exceeded that at
Southampton for the same configuration, both facilities reached peak anode efficiency
at the same operating point: 50 sccm, 600 V. The enhanced performance is attributed
to the thruster operating at a consistently lower discharge current with a
corresponding slight increase in thrust output. This results in a lower power draw for
a slightly enhanced performance at the Michigan test site compared to the University
of Southampton test site.
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Chapter 1

Introduction

The concept of space propulsion was first formally described by Konstantin
Tsiolkovsky in his 1903 publication: Exploration of Outer Space by Means of Rocket
Devices [1, 2], where he proposed electrostatic propulsion as a theoretical means of
achieving space travel. While visionary for its time, electric propulsion remained
largely theoretical through the early 20" century and was widely regarded as a
technology of the distant future. This perception was altered with the launch of the
first electrically propelled spacecraft on July 20t 1964, a milestone that marked the
practical realisation of Tsiolkovsky’s vision and the dawn of a new era in spacecraft

propulsion.

Electric propulsion (EP) is a branch of space propulsion that, unlike chemical
propulsion, derives the energy for accelerating propellant from an external electrical
power source. EP systems are an attractive propulsion choice for the majority of space
missions due to their ability to achieve significantly larger changes in velocity, AV, for
the same propellant mass when compared to chemical systems, enabled by specific
impulses typically an order of magnitude higher. This enhanced efficiency enables
longer mission durations, greater number of attainable orbits, greater payload masses,

and increased flexibility in spacecraft design and operations.

One form of electric propulsion is the Hall effect thruster (HET), which is frequently
selected for a wide variety of satellite missions due to its ability to deliver high specific
impulse while maintaining a higher thrust-to-power ratio than other EP systems of
comparable power. The use of Hall effect thrusters in-space has a history of over half a
century, with the first use of a HET being the former Union of Soviet Socialist
Republics (USSR) Meteor satellite launched in 1972 [2—4]. These performance
advantages have led to the widespread adoption of HETs, making them the most
utilised form of propulsion in operation today [5, 6].

Hall effect thrusters are often compared to gridded ion thrusters, another form of

electric propulsion, where HETs offer several unique advantages. HETs operate with
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higher thrust-to-power ratios, achieve higher power densities for a given physical
envelope, and feature simpler thruster and system architectures. These characteristics
combine to make HETs relatively lower in cost, capable of higher thrust, more reliable,
and therefore they can reduce launch costs. Nevertheless, gridded ion thrusters retain
advantages for specific applications, offering higher maximum specific impulses and,

in some cases, lower erosion rates.

Historically, research in and in-space applications of HETs has been focused around
the 1 kW power regime. However, with the recent increased accessibility of space this
has in turn increased interest into smaller spacecraft, which require lower power EP
systems such as micro-Hall thrusters (10 W - 300 W). Conversely, there is also a desire
to develop very high-power EP systems (10 kW - 100 kW) for next generation

interplanetary missions, human orientated missions, and defence applications.

Despite their extensive flight heritage, the fundamental physics governing Hall effect
thrusters remains insufficiently understood to enable design from first principles.
Unlike chemical propulsion systems, where nozzle geometries can be readily defined
using isentropic flow relations, Hall thrusters lack an equivalent analytical
framework, making rapid high-performance design impractical. While aspects of HET
operation can be investigated through numerical modelling, such approaches are
often prohibitively time-consuming and computationally expensive and are typically
built upon highly specialised codes developed over years specifically for Hall
thrusters. A recent three-dimensional particle-in-cell (PIC) simulation of a small
volume (13 mm x 13 mm x 26 mm) of a Hall effect thruster plasma required 1.4 x 10°
Central Processing Unit (CPU) hours (approximately 159 years) to simulate merely

10 us [7]. Whilst the real time taken can be much less with the use of large
super-computing clusters, on the order of tens of days. However, no existing model
fully captures the entire three-dimensional channel domain and strongly coupled

plasma dynamics that govern Hall thruster behaviour.

As a result, the geometric design of new Hall thrusters typically relies on first-order
scaling relations informed by large databases of flight-proven xenon thrusters. This
empirical approach has proven effective for high-power (kilowatt-class) thrusters
operating on xenon, where abundant historical data provides a reliable basis for
design. However, for alternative propellants such as krypton or argon, relevant
performance databases are often limited or entirely absent, even though different
geometric configurations may yield improved performance. This scarcity complicates
the design process, particularly when novel geometries or operating regimes are

considered.

Additionally, the reliance on existing databases can unintentionally constrain
innovation, as designs often reproduce legacy configurations and inherit their

associated limitations. Without a strong analytical foundation, such empirical
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methods risk reinforcing historical design trends without fully understanding their

underlying justification or their adaptability to new regimes.

This challenge is further compounded by the space industry’s historical preference for
conventional xenon-fed stationary plasma thrusters (SPTs), while alternative HET
variants such as the thruster with anode-layer (TAL) have received comparatively
little attention. Consequently, both the operational behaviour of alternative
propellants and the potential advantages of non-SPT geometries remain
under-explored. Nevertheless, these configurations may offer valuable pathways to
overcoming the limitations associated with high specific impulse operation and

alternative propellant compatibility.

1.1 Problem Statement

Hall effect thrusters have become a cornerstone of the satellite industry, offering an
attractive balance of thrust density and specific impulse making them well suited for a
wide range of space missions [6, 8]. However, there is a heavy reliance on xenon as a
propellant, which presents significant limitations that threaten the sustainability and
capability of future propulsion systems. Xenon’s scarcity and rising cost volatility
have created urgent pressure to adopt alternative propellants. Furthermore, the
performance limitations of conventional HET designs prevent them from meeting the
high specific impulse requirements of ambitious deep-space missions.

The transition to alternative propellants like krypton and argon faces substantial
theoretical and practical barriers. Current scaling methodologies, developed primarily
for xenon, fail to adequately account for the different plasma physics of lighter
propellants, particularly their lower ionisation cross-sections and higher ionisation
energies. This limitation is compounded by a reduction in available experimental
data, especially at the high voltage regimes (>300 V) that may be necessary for

alternative propellants to match the performance of xenon.

A fundamental gap exists in understanding how thruster configuration, particularly
channel geometry, interacts with alternative propellant characteristics. Moreover, the
absence of systematic studies investigating the coupled effects of propellant choice,
channel geometry, and operating voltage creates significant uncertainty in designing
Hall effect thrusters optimised for these applications.

Also, TAL configurations are known to achieve greater power densities compared to
traditional annular-channel Hall thrusters, suggesting potential advantages for
high-power applications [9]. Theoretically, TALs could offer advantages for alternative
propellants through higher secondary electron emission thresholds. In practice, their
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implementation remains poorly understood, as unresolved stability and thermal

management challenges continue to limit their development.

The lack of comprehensive diagnostic data for alternative propellants, particularly in
the critical 300-600 V range which could be advantageous for alternative propellants,
further hinders the development of accurate scaling relationships. Without reliable
methods to predict and optimise performance for non-xenon propellants, the electric
propulsion community faces significant challenges in transitioning to more fiscally
sustainable propellant options while maintaining the mission capabilities currently
achievable with xenon-based systems.

1.1.1 Alternative propellants

Xenon is the current propellant of choice for electric propulsion systems, although it
was not initially the first selected; the first electric propulsion systems were operated
on caesium and mercury [6]. The advent of Xenon’s use for space propulsion
applications was in 1971, when the USSR’s Meteor 1 satellite employed a
xenon-fuelled Hall thruster [10]. For electric propulsion systems such as Hall
thrusters, thrust levels are inherently constrained by the available electrical power. To
maximise thrust in an EP system, a more massive propellant is desirable, as this
increases the momentum exchange per atom exhausted. Consequently, both caesium

and xenon (heavy elements with stable isotopes) were early choices for EP systems.

In addition to their high atomic mass, these elements offer other advantages: their
large atomic “radius” provides a greater cross-sectional area for ionising electron
collisions, and their low ionisation energies facilitate efficient plasma generation.
From a system perspective, the heavy atomic mass also benefits storage density by
reducing the size of high-pressure tanks and completely eliminating the need for
tanks in the case of solid propellants. Collectively, these characteristics have led to
xenon becoming the dominant propellant for electric propulsion missions over the

past several decades.

Despite its excellent properties, including chemical inertness, low ionisation energy,
and high atomic mass, xenon’s supply and cost presents significant challenges for
satellite mission designers. Xenon is produced primarily as a by-product of other
industrial processes, and its low natural abundance leads to high costs and volatile
supply chains [11]. As a result, the xenon price reached a recent peak of approximately
20 k€/kg in the years following the global pandemic [12]. Global xenon production is
approximately 53,000 kg per year [13], meaning missions requiring several tonnes of
propellant can significantly impact both cost and global supply. For example,
Mars-Earth mission analyses predict the need for 20,000-23,000 kg of xenon for a
single round trip, while the Lunar Gateway mission requires approximately 2,750 kg
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FIGURE 1.1: The cost of a kilogram of xenon in euros over time. Xenon pricing data
prior to 2015 are from Herman and Unfried [13]; pricing between 2015 and 2022 is
from Unfried et al. [17]; A: 2022 estimate is from Munro-O’Brien and Ryan [12]; B: 2023
value is from Hansen et al. [18]; C: 2024 estimate is from a receipt dated 2 October 2024
for an order quantity of 50 L; D: 2026 estimate is from a quote dated 2 February 2026
for an order quantity of 50 L. The data were adjusted for inflation using the Consumer
Price Index for All Urban Consumers (CPI-U) from the U.S. Bureau of Labor Statistics
[Series ID: CUUROOOOSAOL1E]. Euro values for data prior to 2015 were converted us-
ing an exchange rate of 0.93 EUR to 1 USD accessed on 1 April 2025. Euro values for
data post-2015 use year-averaged exchange rates.

for orbit transfer and several-tens of kilograms annually for station keeping [14-16].
As shown in Fig. 1.1, xenon prices more than quadrupled between 2015 and 2022,
reflecting increasing demand and supply constraints [17]. However, the price as of
2025 has recovered to pre-pandemic levels. Nevertheless, given the projected growth
in EP applications, the volatility and cost of xenon are expected to worsen still.

It is important to note that the high cost of xenon alone does not necessarily make it an
unsuitable choice for space applications, as the space industry is generally
cost-tolerant and recognises that operations in space are inherently expensive.
However, it is the volatility in xenon pricing, and the impact this has on long-term
planning; that has driven interest in finding alternative propellants. Space missions
typically require several years of preparation, and large fluctuations in xenon prices
during this period can create significant challenges in budgeting and procurement,

making it difficult to ensure mission readiness.

In response to these challenges, krypton has been investigated as an alternative
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FIGURE 1.2: Illustrative side-by-side comparison of a cross-section of stationary

plasma thruster and a thruster with anode-layer configuration. This schematic is non-

physical and intended for conceptual comparison only, highlighting the primary struc-
tural and operational differences between the two Hall thruster types.

propellant for nearly two decades. Research has demonstrated promising results at
high powers, although progress at lower power levels remains limited [19-23].
However, prior studies have found that krypton operation results in lower anode
efficiencies compared to xenon in the same thruster configuration [23-25], primarily
due to reduced mass utilisation and current utilisation efficiencies [19]. A lighter
alternative, argon, may also be viable, offering similar operational characteristics to
krypton and potential additional cost savings. Furthermore, theoretically argon can
deliver higher specific impulses for equivalent discharge voltages assuming similar

efficiencies.

Parallel to propellant studies, efforts to improve thruster lifetimes have explored novel
magnetic field topologies such as magnetic shielding (MS). In addition to reducing
channel erosion to approximately zero, MS configurations tend to generate higher
plasma temperatures in the ionisation region compared to unshielded configurations
[19, 26]. These elevated temperatures can enhance ionisation rates for propellants with
higher ionisation energies; however, they also increase radiative losses, presenting a
trade-off. Furthermore, magnetic field optimisation beyond purely MS topology can
yield improved performance for alternative propellants, an aspect that is currently not
encompassed by the design nor scaling methodologies. Moreover, it has been seen
that the optimal magnetic field topology for efficient operation is also dependant on
discharge voltage and flow rate, suggesting that for alternative propellant where novel
discharge voltages are required care in magnetic field design should be taken [27].
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In addition to alternative propellants and magnetic topologies, different thruster
architectures may offer advantages. The two primary types of Hall thrusters are the
stationary plasma thruster (also known as the magnetic layer thruster) and the
thruster with anode-layer. These configurations are illustrated in Fig. 1.2. SPTs use
ceramic channel walls to confine the plasma, while TAL thrusters employ metallic
walls biased to the anode potential. Although TAL thrusters generally experience
higher plasma temperatures due to reduced secondary electron emission from
metallic walls (a disadvantage for xenon operation), they may prove beneficial for
alternative propellants [28, 29]. The hotter plasmas in TALs could increase ionisation
rates for harder-to-ionise species like krypton and argon, making them a promising

option for broadening the operational envelope of Hall thrusters.

Along with the thruster-specific considerations discussed above, the cathode is of
critical importance to the operation of Hall effect thrusters. The cathode supplies the
electrons needed for initiating ionisation and for neutralising the exhausted ions.
However, there is complex coupling between the bulk thruster plasma and the
cathode that directly affects the operation and performance of the thruster, yet this is
rarely considered. This oversight largely stems from the fact that cathodes are
themselves a separate technology that is not simple to understand; as a result, many
electric propulsion researchers prefer to ignore the interplay between thruster and
cathode, treating it as a mere integration issue. Regardless, the cathode can be
integrated into the thruster system in several ways. The majority opt for an external
radial mounting of the cathode due to the simplicity, but the generally
higher-performance option is centrally mounting the cathode [30]. Centrally mounted
cathodes are placed within the hollowed core of a Hall effect thruster, avoiding the
asymmetry of the radially mounted option and generally providing improved
performance. The primary drawback is that the thruster must be of sufficient size to
house a cathode in its centre, which is not possible for lower-power HETs. Cathodes
require propellant to operate; the flow rate is normally a fraction of the thruster flow
(1-5%), yet the cathode flow rate relative to thruster operation presents another
opportunity for optimisation. Similarly to the other aspects discussed here, the
literature on these relationships beyond those empirically derived for xenon is sparse,
representing another barrier to alternative propellant HET design.

1.1.2 High Specific Impulse

High specific impulses are desirable for missions that require large changes in velocity,
AV; these are primarily interplanetary or scientific missions. Electric propulsion
systems with specific impulses exceeding 3000 s have been developed, such as NASA'’s
Evolutionary Xenon Thruster (NEXT), a 7.3 kW gridded ion thruster [31]. Such high
performance has mainly been achieved with gridded ion thruster architectures, which
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readily attain high specific impulses but have seen limited application due to high
costs and scaling constraints [32, 33]. For example, the T6 gridded ion thruster used by
the European Space Agency’s (ESA) BepiColombo mission to Mercury achieved
specific impulses exceeding 4100 s at a discharge power of 4.5 kW [34].

Fig. 1.3 shows the thrust-to-power ratio of several electric propulsion systems as a
function of their operational specific impulse. Each class of EP thruster occupies a
distinct envelope of operation. Electrothermal thrusters, such as resistojets and arcjets,
exhibit high thrust-to-power ratios but low specific impulses. Hall thrusters occupy an
intermediate regime between thrust-to-power ratio and specific impulse. Finally,
gridded ion thrusters achieve the highest specific impulses but exhibit relatively low
thrust-to-power ratios. The wide range of specific impulses achievable with GITs
arises from the decoupling of the ion acceleration mechanism, which allows for the
application of very high discharge voltages.

The inverse relationship between thrust-to-power ratio and specific impulse arises
from the definition of electric propulsion system efficiency. The kinetic power of the
exhaust products compared to the electrical power delivered to the system is given by

T Tg, T

1= b P2 B -0

where 7 is the efficiency, T is the thrust, P is the electrical power, 11 is the mass flow
rate, go is acceleration due to gravity at sea-level, and I, is the specific impulse. From
this, it is clear that for constant efficiency, the thrust-to-power ratio and specific
impulse are inversely proportional. These relations will be discussed in Chapter 2 in
greater detail.

The discussion of Fig. 1.3 highlights a secondary motivation for this thesis. Hall
thrusters already demonstrate significant versatility; therefore, if the specific impulse
of these systems can be increased without sacrificing efficiency, their applicability
would broaden. Although increasing specific impulse at constant efficiency reduces
the thrust-to-power ratio, the favourable thrust-to-weight and thrust-to-volume
characteristics could be extended into high specific impulse applications. Despite
being able to achieve higher specific impulses than HETs, GIT systems are often
excluded from many missions due to their inherent complexity, numerous potential
failure modes, and poor mass scaling with power compared to HETs [67, 68].

Accordingly, this thesis evaluates the potential of alternative propellants to extend the
operational envelope of Hall thrusters towards higher specific impulses. The use of
lighter propellants such as krypton and argon, together with operation at elevated
discharge voltages, may enable Hall thrusters to enter the specific impulse regime
currently occupied by gridded ion thrusters. Achieving specific impulses in excess of
3000 s, even at the expense of reduced thrust-to-power ratios, would represent a
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FIGURE 1.3: Representation of several popular types of electric propulsion being com-
pared directly with Hall thrusters operating on alternative propellants being sepa-
rated. The dot-dash iso-lines represent the total efficiency as labelled within the line.

Data plotted is taken from [21, 23, 24, 35-66].

mission-enabling improvement. Such an advancement would leverage the inherently

favourable power and thrust scaling characteristics of Hall thrusters compared with

gridded ion thrusters, offering significant advantages in system mass, physical

envelope, and overall mission cost.

1.2 Research Objectives and Contributions

The primary aim of this thesis is to advance the understanding of Hall thruster

operation on alternative propellants, with a focus on how channel geometry couples

to thruster performance. Furthermore, this work aims to enable the utilisation of

alternative, low-mass propellants to attain high specific impulse operation. The

investigation is pursued through several methods:

1. Modification of current scaling methodologies to enable direct scaling of

initial Hall thruster geometry for operation with non-xenon propellants.

Extensions to existing scaling methodologies were derived and applied to a

database of Hall thrusters from the literature. The updated scaling approach

enables direct scaling for krypton using the current database.
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2. Implementation of a thrust measurement system capable of accurately

characterising thruster performance.

An inverted double pendulum thrust balance was designed, manufactured, and
validated for direct thrust measurements. To verify the accuracy of the new
balance, a collaborative testing campaign with the University of Surrey was
conducted, during which a novel external plasma thruster developed at Surrey
was tested at both facilities. Thrust measurements obtained with the new balance
were successfully compared against data from Surrey’s established torsional

thrust balance, demonstrating the accuracy and reliability of the system.

Design and manufacture of a Hall thruster capable of interrogating the
relationship between channel geometry and thruster performance.

The ”Southampton Hall Anode-layer Research Krypton 600 V” (SHARK-600V)
thruster was designed with variable discharge channel inserts that could be

exchanged without modifying the thruster testing setup.

Comprehensive testing of alternative gaseous propellants in a variable
channel geometry Hall thruster scaled for krypton operation.

Direct thrust measurements of the SHARK-600V were performed at the
University of Southampton for nine distinct channel geometries, operating on

xenon, krypton, and argon, yielding a total of 1220 unique data points.

Development and application of a Gaussian process regression surrogate
model.

A Gaussian process regression model was developed from the Southampton
experimental dataset of the SHARK-600V Hall thruster, creating a continuous,
smooth function describing thruster performance across the input parameter
space of anode voltage, anode mass flow rate, channel width, and mean channel
diameter. Separate models were trained for each propellant and each output
parameter, providing predictions with quantified uncertainty. The optimal
geometries identified by the GPR model showed meaningful agreement with the
semi-empirical scaling predictions, most notably for krypton at the 2.5 kW, 600 V
condition where the predicted mean diameters agreed to within 0.6 mm. This

serves as experimental validation of the scaling approach.

. Development and application of diagnostic techniques for non-invasive

investigation of Hall thruster discharges.

The SHARK-600V, in a single configuration, was transported to the University of
Michigan’s Large Vacuum Test Facility (LVTF) at the Plasmadynamics and
Electric Propulsion Laboratory (PEPL) for krypton testing. Here, in collaboration
with PEPL staff, the thruster was operated over the same parameter envelope as
at Southampton, and far-field plume measurements were obtained using a suite
of probes, including a retarding potential analyser, a Faraday probe, and an ExB
probe. These diagnostics were supplemented with direct thrust measurements.
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7. Investigation of the feasibility and performance characteristics of
thruster-with-anode-layer configurations operating on alternative propellants.
An optional TAL configuration was incorporated into the SHARK-600V thruster
architecture to enable preliminary investigations of anode-layer designs for
alternative propellant operation. Although full characterisation was constrained
by thermal and operational stability challenges, the work provides initial
experimental insights into TAL behaviour at elevated voltages and highlights
critical areas such as electron confinement and channel wall interactions that

must be addressed for successful future TAL development.

This work makes four principal contributions to the field of electric propulsion. First,
it demonstrates that high-voltage operation can mitigate the ionisation limitations of
lighter propellants, with argon exhibiting particular resilience to voltage-induced
efficiency losses. Second, the modular thruster design reveals how channel geometry
interacts with propellant choice, offering a large dataset for optimising future
alternative-propellant Hall effect thrusters. Third, the extended scaling methodology
offers a pathway to design alternative-propellant Hall effect thrusters once sufficient
experimental data are collected. Fourth, the development of a Gaussian process
regression surrogate model enables continuous interpolation across the design space
and provides experimental validation of the scaling methodology using the
experimental dataset. Collectively, these advances bridge the gap between
conventional xenon-based scaling and the needs of next-generation thrusters,
supporting the adoption of krypton and argon in missions where cost and specific
impulse are critical. By decoupling geometric and propellant effects, this research lays
the groundwork for further exploration of high-voltage, alternative-propellant Hall
effect thrusters.

1.3 Organisation

The structure of this thesis is as follows: Chapter 1 introduces the motivation, context,
and objectives of the research, with particular focus on the hurdles and drawbacks of

operating Hall effect thrusters on alternative propellants.

Chapter 2 provides the historical and theoretical background to electric propulsion,
with emphasis on the physics and performance evaluation of Hall effect thrusters, and
a review of candidate alternative propellants.

Chapter 3 presents the development of the extended semi-empirical scaling
methodology, reviewing existing approaches, introducing a database of Hall thruster
dimensions and performance, and deriving a scaling methodology modified for

alternative propellants at high-voltage operation used in this work.
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Chapter 4 details the design of the Southampton High-voltage Anode-layer Research
Krypton 600 V (SHARK-600V) thruster, describing its modular configuration,
magnetic field optimisation, anode design, and thermal modelling considerations.

Chapter 5 describes the Southampton experimental campaign, including the facility,
diagnostics, and thrust balance development. Results for xenon, krypton, and argon
across nine thruster geometries are presented, together with an assessment of
anode-layer configurations. A Gaussian process regression model trained from this
dataset enables continuous interpolation between tested geometries and comparison
with the semi-empirical scaling methodology, providing experimental validation of
the scaling approach and offering the first experimentally derived channel geometry

guidance for argon operation.

Chapter 6 outlines the inter-laboratory testing campaign conducted at the University
of Michigan. This chapter introduces several far-field plume diagnostic techniques
and focuses on the cross-validation of the Southampton results through comparison

with direct thrust measurements and detailed plume diagnostics.

Chapter 7 summarises the key findings, the conclusion of the thesis and proposed
future work. A record of the associated publication history is provided in Chapter 8.
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Chapter 2

Background and Fundamentals

2.1 Introduction

This chapter provides the necessary background to support the motivations,
methodologies, and objectives of this thesis. Fundamental plasma physics derivations
are omitted to maintain focus, but recommended references are provided for readers
seeking a basic introduction to plasma concepts [69, 70]. The broader context of space
propulsion is first discussed. Several classes of electric propulsion are introduced and
described, alongside an overview of the key performance metrics used to evaluate

propulsion.

The chapter then presents a detailed discussion of Hall effect thrusters, covering their
structural design, operating principles, and performance evaluation methods.
Derivations for thrust, specific impulse, and anode efficiency are developed under
idealised assumptions and later corrected for practical considerations. Finally, the role
of alternative propellants is examined, with a focus on the limitations of xenon and the
motivation for investigating gaseous and solid propellants that could enhance the

versatility and reduce the cost of future electric propulsion missions.

2.1.1 Basic Rocket Science

The method of quantifying space propulsion was first described by Konstantin
Tsiolkovsky, who introduced the equations governing the change in velocity of a
variable-mass system. This foundational result, known as the Tsiolkovsky rocket
equation, describes the effect of constant thrust acting on a system with decreasing

mass. The force experienced by the spacecraft can be expressed as

do(t)

Force = M(t) o

2.1)
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where M(t) is the spacecraft mass and v(t) is the spacecraft velocity, both as functions
of time ¢, while the force is applied. The thrust results from the conservation of
momentum between the spacecraft and the exhausted propellant. Thus, the thrust
experienced by the spacecraft is equal and opposite to the change in momentum of the
propellant, expressed as

Thrust = —%(MPC) = —dd]\fpc = —M,c , (2.2)
where M), is the propellant mass of the spacecraft and c is the effective propellant
exhaust velocity in the spacecraft’s frame of reference. Note that in Eq. 2.2, any
contribution from pressure thrust, which would be present for a chemical system
operating in space without an infinitely expanding nozzle, is neglected for simplicity
and due to its generally low magnitude with respect to thrust produced [68, 71]. In

practice, the total mass of the spacecraft is a function of time and can be expressed as
M(t) = My + My (1) | 23)

where M, is the dry mass of the spacecraft, which, for chemically propelled
applications, is typically equal to the payload mass. However, for electrically powered
propulsion systems, My = M, + My, where M, and M, represent the payload
mass and the power plant mass, respectively.

From Eq. 2.3, it can be seen that the rate of change of the spacecraft mass with time is
determined solely by the rate of propellant consumption, such that

dM  dM,
T ral (2.4)
Substituting Eq. 2.4 into Eq. 2.1 and Eq. 2.2 yields
dv dM
which can also be rearranged as
dv = —cidM (2.6)
=~y . .

Solving this for an initial velocity and final velocity, v; and v, and an initial and final
mass, M; = My + My and My = My, via integration such

v M,
/fdv: —c/ ! ialM . (2.7)

Mg+M, M

This integrates to

(2.8)

vi—vf:—AV:cln{ My }
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This equation is often expressed in an alternative form by introducing the specific
impulse, I, which standardises the representation across both imperial and metric
unit systems. Thus, the final form of the rocket equation is

R R R s

where I, is the specific impulse and g is the standard gravitational acceleration at
Earth’s surface. Thrust and specific impulse are critical metrics for the evaluation of
propulsion systems, as they enable mission planning and spacecraft mass budgeting.
From both Eq. 2.2 and Eq. 2.9, the relationship between a propulsion system’s

operational characteristics and the required propellant mass fraction can be derived.

It is also useful to note that if the thrust and mass flow rate are preserved over the
operating lifetime of the thruster, the specific impulse reduces to
Tfdt T ¢

= = =_ (2.10)
P goiy fidt oty o

S

Here, Eq. 2.10 represents the more commonly used form when evaluating the specific

impulse of a thruster under steady thrust and mass flow rate conditions.

2.1.2 Chemical Space Propulsion

Chemical propulsion has the longest heritage in spaceflight and remains a key
technology enabling space exploration. By utilising large propellant flow rates and the
chemical energy stored within molecular bonds, chemical propulsion systems are
capable of producing very high thrust outputs at modest specific impulse values

(Isp < 3205).

By utilising the chemical energy stored within the propellant, chemical thrusters can
achieve very high kinetic powers, described as

pKE = %n’ng = T]NGCWI P (2.11)
where 1 is the propellant mass flow rate, v, is the exhaust velocity, 77y is a
characteristic nozzle efficiency value and e, is the total mass-specific chemical energy
released in combustion. In chemical propulsion systems, the exhaust velocity is
determined by the energy released during combustion and the expansion through the
nozzle, making it a function of both the propellant chemistry and the nozzle efficiency.

In contrast, for electric propulsion systems, the exhaust velocity can be externally

controlled via the applied electrical power. The kinetic power in chemical propulsion
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depends solely on the flow rate and chemical energy released in combustion, allowing

chemical thrusters to operate at kinetic powers on the order of gigawatts.

However, the use of chemical reactants inherently limits the available energy per unit
mass to the combustion energy of the propellant. Although large mass flow rates
(analogous to high electrical current) are achievable, making chemical propulsion
ideal for launch vehicles and high-thrust applications, the energy imparted per unit
mass (analogous to electrical voltage) is fundamentally limited by chemical bond
energies. Consequently, chemical propulsion systems achieve relatively low
maximum specific impulses compared to electric propulsion, which can impart

several orders of magnitude more energy per unit mass of propellant.

This limitation makes chemical propulsion poorly suited for in-space applications
where high specific impulse is more critical than high thrust. Nevertheless, the high
thrust levels achievable with chemical propulsion maintain its importance for in-space
applications requiring impulsive AV manoeuvres, such as collision avoidance or

when time-to-final orbit is mission critical.

2.1.3 Electric Space Propulsion

There are several forms of electric propulsion that have been used, categorised by the
primary acceleration method employed: electro-thermal, electro-static,
electro-magnetic, and magneto-electrostatic. These systems are particularly valued for
their ability to achieve significantly higher specific impulses than conventional
chemical propulsion, enabling long-duration and fuel-efficient missions.

The majority of the flight heritage in electric propulsion falls within the
electro-thermal and electro-static categories. Electro-thermal thrusters, such as
resistojets and arcjets, utilise electrical power to thermally heat the propellant, which
is then exhausted through a traditional nozzle, making their operation most
analogous to chemical propulsion systems. Electro-static thrusters have strong
heritage within the United States, notably with the early flights of caesium gridded
ion thrusters on the Space Electric Rocket Test 1 (SERT-1) spacecraft in 1964, which
achieved approximately 22 mN of thrust [72].

A related class of propulsion is electro-magneto-static propulsion, which is the
category in which Hall effect thrusters reside. This term refers to the use of both a
static axial electric field and a static radial magnetic field utilised in HETs. Hall effect
thrusters, first tested aboard the Soviet Meteor satellite in 1972, operate via a unique
acceleration mechanism that cannot be fully classified as purely magneto-static or
electro-static [2]. Consequently, they are categorised as magneto-electrostatic
thrusters. In HETS, the static electric field does not directly accelerate the ions; rather,
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FIGURE 2.1: Schematic diagram showing the cross-section of a traditional gridded ion
thruster [73].

it energises the magnetically confined electrons, which in turn create a “virtual” grid

that accelerates ions.

A key requirement for electric thrusters is the maintenance of spacecraft charge
neutrality. Without it, the spacecraft bus would accumulate negative charge due to the
ejection of positive ions; eventually electro-statically attracting the exhausted ions
back to the spacecraft and negating net thrust. This is mitigated by the use of an
external cathode, which emits cold electrons into the plume, neutralising the ion beam
and maintaining spacecraft electrical balance.

2.1.3.1 Gridded Ion Thrusters

Gridded ion thrusters are the primary alternative to Hall effect thrusters for high AV
missions, with comparable power demands but significantly higher achievable
specific impulses, typically on the order of several thousand seconds. This advantage
arises from the decoupling of ionisation and acceleration processes in GITs; in contrast,
Hall thrusters couple these processes. While xenon is the most common propellant,

alternatives such as krypton, iodine, and caesium have also been investigated [6].

The separation of ionisation and acceleration in GITs allows grid structures to be
biased at extremely high discharge voltages without significantly heating the plasma,
which would otherwise impose thermal stress on the thruster body. GITs must

employ multiple grids for efficient operation, as shown in Fig. 2.1, with components
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such as the screen grid used to prevent poorly accelerated ions from eroding structural

elements and to aid ionic beam collimation.

The most common configuration, illustrated in Fig. 2.1 and termed the electron
ionisation GIT, requires two electron sources: one to ionise the propellant within the
discharge chamber and another to neutralise the exhausted ion beam after
acceleration. Typically, hollow cathodes have shorter operational lifetimes and higher
failure rates than the thrusters themselves. Therefore, using two cathodes can
significantly increase the overall failure risk compared to single-cathode systems, such
as HETs. Variants of GITs that avoid the need for multiple hollow cathodes, such as

radio-frequency ionisation GITs, still require an external cathode for neutralisation.

Additionally, the ion current per grid aperture in a GIT is limited by the space-charge
limit. As a result, scaling GITs to produce more beam current, and thus more thrust, at
higher powers requires increasing the number of grid apertures. At very high powers,
this leads to grids of large physical size, resulting in prohibitively high thruster
masses and volumes that may be incompatible with spacecraft payload fairings.

2.1.3.2 Hall Effect Thrusters

Hall effect thrusters are an attractive option for spacecraft propulsion due to their
unique combination of higher thrust-to-power ratios, good specific impulses
(1500-2000 s), and simple physical architecture. As shown in Fig. 2.2, HETs feature an
open annular channel structure where plasma is confined by an E x B drift between a
radial magnetic field and an axial electric field. This configuration traps electrons,

which subsequently ionise the neutral propellant via electron impact ionisation.

—t—
TN f—— -Ih_
"J_ IJ_ r
/2
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FIGURE 2.2: Illustrative cross-section of a Hall effect thruster featuring a ceramic dis-
charge channel. The three key geometric parameters used throughout this thesis:
channel length L, channel width /1, and mean channel diameter 4 are indicated.

HETs have a long history of operational use in space and are considered a mature

propulsion technology, with more active satellites using Hall thrusters than any other
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propulsion system as of 2022 [5]. While these systems are highly reliable, their
operational lifetimes are often limited by erosion of the channel walls due to
high-energy ions impinging on the ceramic discharge channel. Consequently, HETs
have historically been considered less desirable for very long-duration missions
compared to gridded ion thrusters, which can operate without direct material erosion.
However, recent advances such as magnetic shielding of the channel have
demonstrated the potential to extend Hall thruster lifetimes by several orders of
magnitude [74].

Hall thrusters demonstrate a broad operational envelope. Extremely low-power HETs
have been developed, operating at power levels as low as 20 W [75, 76], while other
designs have achieved operation in excess of 100 kW[77, 78]. Future designs targeting
300-600 kW are under development for integration with nuclear fission-powered
spacecraft [78, 79].

Moreover, HETs show considerable versatility even within fixed geometries. Standard
designs have been successfully operated at currents up to ten times their nominal
power without major degradation in performance. Similar operational flexibility has
been observed in low-power HETs as well, achieving good performance at multiple
times their nominal input power [12, 80, 81].

Collectively, these factors establish HETs as highly promising candidates for a wide
range of satellite propulsion applications. The maturity and operational flexibility of
Hall thrusters continue to drive research into novel design variants and optimisations

for specific mission requirements.

2.2 Physics of Hall Effect Thruster Operation

A typical Hall thruster consists of an annular hollow ceramic discharge channel with a
metallic anode located at its base, which also serves as the propellant injection point.
The primary thruster structure is composed of a soft magnetic material, which,
together with permanent magnets or electromagnets, produces a radial magnetic field
orthogonal to the electric field established between the anode and the cathode.
Although the magnetic field is nominally radial, its magnitude and curvature vary
significantly along both axial and radial directions, forming a complex axisymmetric
two-dimensional topology. This topology governs electron confinement, ionisation
distribution, and acceleration region placement, and is therefore crucial for efficient
thruster design. However, unlike discharge voltage or channel geometry, magnetic
topology lacks a scalar description beyond peak magnitude, making direct
comparison between thrusters difficult. Consequently, magnetic configuration is often

simplified at the scaling stage to categorical distinctions of magnetically shielded
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versus unshielded. However, despite this some attempts to provide analytical and
computational methods for magnetic topological design have been proposed [82, 83].

A Hall thruster’s physical structure can be broadly characterised by three key channel
dimensions. The channel, where plasma confinement, ionisation, and acceleration
occur, plays a critical role in determining thruster performance and efficiency. The
channel length refers to the axial distance between the thruster exit plane and the
anode at the base of the channel. The inner and outer radii are typically combined into
two parameters: the mean channel diameter and the channel width. The mean
diameter defines the average radial position of the discharge, while the channel width
is the difference between the inner and outer radii, which together determine the
available channel cross-sectional area for plasma processes. Careful selection of these
parameters is essential in the design and scaling of Hall thrusters, as they directly
influence ionisation efficiency, magnetic field configuration, and operational

characteristics.

Hall thrusters utilise the Lorentz force and the E x B drift to accelerate ions that
produce thrust. The E x B drift refers to the motion of charged particles in mutually
orthogonal electric and magnetic fields, resulting in a spiral trajectory with a net drift
perpendicular to both fields.

Within the Hall thruster, thrust is generated through the electrostatic acceleration of
ions, while the reaction force is transferred to the thruster body via the restoring
Lorentz force acting on the confined electrons. This mechanism defines Hall thrusters
as a class of electro-magneto-static propulsion systems [68].

2.3 Evaluation of Hall Effect Thruster Performance

2.3.1 Thrust

Largely, the force produced by a Hall thruster can be approximated by considering a
simple electrostatic force accelerating the ion plume through an effective potential,
under the assumption that electrons are well confined. This assumption simplifies
analysis, avoiding the need to explicitly account for the complex electron momentum
transfer mechanisms to the thruster body. The reaction force on the spacecraft from
ion acceleration can be expressed as

d )
r=—4 (mjv;) = mv; , (2.12)

where 11; is the mass flow rate of the exhausted ions, and v; is the exhaust velocity.
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The mass flow rate of ions can be related to the ion beam current as

ity = Ib;"i , (2.13)

where [, is the ion beam current, m; is the ion mass, and § is the average ion charge.

The ion exhaust velocity can be approximated by considering the acceleration of an
ion through the beam potential Uy, such that

S /2;75*’ , (2.14)

where U, represents the bulk plasma potential. In Hall thrusters, this is typically

approximated by the discharge voltage minus a voltage loss term, such that
u=U;-A, (2.15)

where A represents voltage losses.

Substituting the expressions for ion mass flow rate and ion velocity (given in Egs. 2.13
and 2.14, respectively) into the general thrust equation from Eq. 2.12, yields

. Iym; unb
q \ m

T (2.16)
This expression contains many values that are not known or directly controlled during
the operation of a Hall thruster. For example, I, and U, are both values that are
experimentally obtained. To get the thrust equation in a form that can be used in a

predictive manor several efficiency values are required.

2.3.2 Specific Impulse

For the calculation of specific impulse in HETs, the definition from Eq. 2.10 is used in a

modified form, considering only the mass flux of the neutral propellant such

T
S0ty '

Isp — (2.17)

Moreover, substituting in Eq. 2.16 and Eq. 2.13 where 71, = ri1;, specific impulse for

Hall effect thrusters can be seen to be

1 [2qu, 1 [2qu
L = i T -~ (2.18)
0rrty i 20 m;
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2.3.3 Thruster Efficiency

The efficiency of a thruster can be described as the ratio of the axial kinetic power of
the exhausted ions to the total input power supplied to the propulsion system. The
total input power for a Hall thruster is given by

Prota1 = 13Uy + I.Uc + IemUgy (2.19)
—_ = =
P, P Pem

where I; and Uy are the anode discharge current and voltage, I and U, are the
cathode current and voltage, and Igym and Ugy are the coil current and voltage if an
electromagnet (EM) is used.

The kinetic power of the ion plume is described as

d td(mv?) 1. ,

PPlume = 77 (KEPlume) =5 = zm;v; , (220)
dt 2 dt 2

where KEppme is the kinetic energy of the plume, m; is the ion mass, and v; is the
exhaust velocity.

Substituting Eq. 2.12 into Eq. 2.20 yields

PPlume = Emivi =MW = . (221)

Thus, the efficiency can be expressed as

2
b Plume __ T

_ _ _ 2.22
Ntotal Peogal 2(1 JUg + LU+ Iem UEM)m ( )

where 71 is the total mass flow to the thruster, which is the sum of the anode and
cathode flow rates.

When discussing thruster design, it is useful to define an anode efficiency, 7,, that only
considers the power and mass flow associated with the anode, as the efficiencies of the
cathode and magnetic circuit are not the focus. This is defined as

TZ
e = 5P i,

(2.23)

where 11, is the neutral mass flow rate to the anode and P, = I;Uj; is the anode input

power.
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2.3.3.1 Anode Efficiency

The anode efficiency can also be thought of as the product of several other efficiency

terms that represent individual processes as

N = N1 gTmtvTe, (2.24)

where 7, is the current efficiency (also known as beam efficiency), 7, is the charge
efficiency, 77,, is the mass efficiency (also known as mass utilisation), 7y is the voltage

efficiency, and 74, is the beam divergence efficiency.

2.3.3.2 Current Efficiency

The current efficiency represents the fraction of discharge current contributing to the
ion beam rather than being lost to the walls. It is defined as

_ b

171d = Id , (2.25)

where [, is the ion beam current and I; is the anode discharge current.

2.3.3.3 Charge Efficiency

The ion plume contains a non-zero quantity of multiple charged states and cannot be
assumed to be purely monogenetic. Higher ionisation states provide increased thrust
for the same potential drop; however, as seen in Eq. 2.14, the velocity, and by
extension, the momentum exchange, of the ion scales with the square root of the

charge and is therefore less efficient. To quantify this charge efficiency, 7, it can be

seen that
Lo 2
o Zr) -
Zn Zn
where Z,, is the nth charge state, and (), is defined as
I, I,
0, — = (2.27)
" ZnN:1 Iy I

where, I, is the total beam current contribution from the nt ion species, and I is the
total measured beam current. Experimental data shows that the majority of the ion
population under nominal conditions is singly charged, with negligible populations
with Z,, > 3. However, in principle, charge states can extend up to the atomic number
of the propellant species.
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2.3.3.4 Mass Efficiency

The mass utilisation efficiency, #,,, accounts for the fraction of the input propellant
converted to thrust producing ions, such that

7’]771 - . = - Uldf.i ’ (228)
where 11; is the ion mass flow rate, 71, is the neutral propellant mass flow rate into the

thruster, m,, is the atomic mass, and 7 is the average charge state.

To obtain an accurate estimate of the mass efficiency, both the ion beam current and
the ion species population must be measured using a Faraday probe and an “E x B”
probe, respectively. However, a rough estimation can be made by using the thrust

from Eq. 2.16, and assuming m, ~ m;, § ~ e, and U}, ~ Uy, to form
I 1 T i T
MTm = b?_i’ln - 1111 = T . (2.29)
q my MMy Zqu my ZeUd

2.3.3.5 Voltage Efficiency

A voltage utilisation efficiency, #v, is introduced to account for the non-ideal
acceleration of ions. The accelerating potential in Hall thrusters is determined by the
self-consistent electric field maintained by confined electrons. This results in a
complex relationship between the applied anode voltage and the accelerating

potential experienced by the ions.

Moreover, because the ionisation and acceleration regions in a HET are not discrete,
ions can be produced throughout the plasma and, as a result, may experience different
accelerating potential drops. Additionally, it is understood that a portion of the
voltage (on the order of tens of volts) is lost in extracting electrons from the cathode.

As such
_%N U; — A

Tu,Toou;

where U, is the effective beam voltage and A is the voltage drop between the anode

nv (2.30)

potential and the plasma acceleration potential.

2.3.3.6 Divergence Efficiency

The beam divergence efficiency, #g,, corrects for the fact that ions do not accelerate
strictly along the thruster central axis and have a non-axial momentum component. It
is defined as

1o, = cos*(8,) . (2.31)
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Here, 0, is the effective beam divergence half-angle, defined as

Lo
04 = cos™! ((cos(8));) = cos™! (a;ml) : (2.32)
b
In this expression, (cos(0)); represents the current-weighted average cosine of the
beam half-angle, I, is the axial component of the measured plume current, and I is
the total collected ion beam current. Calculations of I,y and I, from Faraday probe

measurements are described in Sec. 6.3.3.

2.3.4 Thrust-to-Power Ratio

The thrust-to-power ratio is a critical performance metric in electric propulsion,
directly linking the propulsive force generated to the electrical power consumed. It
provides an important measure of system efficiency and operational capability,
especially when comparing different thruster types or scaling designs for specific
mission requirements. Higher thrust-to-power ratios are generally desirable for
minimising transit times or maximising payload delivery for a given onboard power
budget.

Thrust-to-power ratio is simply defined as

Top— 1 (2.33)

Total

where T2P is the thrust-to-power ratio, T is the thrust, and Pr, is the total electrical

power input to the thruster system.

2.4 High Voltage Operation

Numerous experimental campaigns have explored the operation of xenon Hall
thrusters at elevated discharge voltages (typically exceeding 300 V), with varying
objectives and generally favourable outcomes. These investigations have frequently
been conducted using thrusters originally optimised for nominal operation around
300 V, with the intent of characterising their extended operational envelope rather

than specifically maximising performance at higher voltages [84].

Despite this, such studies have contributed substantially to the understanding of
high-voltage discharge dynamics. One of the primary limitations identified at
elevated voltages is the significant increase in heat deposition to the channel walls,
which adversely impacts thruster efficiency. Notably, this issue has been shown to be
partially mitigated through the use of modified magnetic field configurations. For
example, configurations that shift the magnetic field peak outside the channel have
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FIGURE 2.3: A schematic view of the cross section of a thruster with anode-layer with
the hollow anode and the guard rings highlighted.

demonstrated improved performance by ensuring that the majority of the potential
drop occurs downstream of the ionisation region [49, 85]. In one such configuration,
peak efficiency was achieved at a discharge voltage of 850 V. Furthermore, recent
testing of the H10 Hall thruster, a conducting wall magnetically shielded thruster with
novel heat pipes, was efficiently operated up to 800 V [86].

Further research has examined high-voltage operation using alternative propellants,
such as krypton. Jakubczak et al. [87] demonstrated that high specific impulses could
be achieved using krypton at elevated voltages. However, the study also revealed
significant limitations, including pronounced channel erosion. This was attributed to
the use of a conventional magnetic field topology that did not incorporate magnetic
shielding, thereby allowing direct plasma-wall interaction at high energies.

Although most modern efforts have focused on SPT-type Hall thrusters, early
investigations into TAL configurations exhibited particularly promising results at
discharge voltages exceeding 1 kV. Studies of both single-stage and dual-stage (i.e.,
secondary anode) TALs reported anode efficiencies greater than 50 % under
high-voltage conditions [88-90]. These investigations also noted that the combination
of low mass flow rate and high voltage produced the highest thermal loads on the

thruster, a critical design consideration for long-duration operation [89].

2.5 Thruster with Anode-layer Operation

Hall thrusters with an anode-layer operate on the same fundamental principles as
conventional Hall effect thrusters, but differ structurally by eliminating the ceramic
discharge channel, illustrated in Fig. 2.3. Instead, TAL designs extend the anode
structure itself in a hollow annular configuration to the thruster exit plane. This
modification reduces the financial cost associated with ceramic materials, however
historically, TALs have exhibited marginally lower performance compared to

conventional boron nitride channelled HETs.



2.6. Alternative Propellant Hall Effect Thrusters 27

@ SPT B TAL
—— dgy=2.599P

0.458 0.478

—— dpy=1.627P

Mean channel diameter, mm

Anode power, W

FIGURE 2.4: Log-log plot showing the relationship between anode power and mean
channel diameter for SPT-type and TAL-type Hall thrusters [20-23, 37, 41, 43, 46, 48,
51, 54, 57-60, 64, 92-111].

TAL thrusters offer significantly higher power densities relative to conventional
SPT-type Hall thrusters, this relationship is clearly illustrated in Fig. 2.4. For the same
discharge power, TALs typically exhibit much smaller mean channel diameters [9].
Their compact geometry, featuring a short acceleration zone surrounded by metallic
guard rings biased to cathode potential, reduces ion bombardment of internal
surfaces, which can potentially improve lifetime. Propellant is supplied through a
hollow anode, maintaining plasma generation and ion acceleration. Compared to SPT
designs, TALs achieve higher thrust densities and demonstrate particular advantages
at high-power operating regimes. However, despite these promising characteristics,
limited experimental research into long-term erosion and stability effects in TAL
thrusters means that the evidence for improved operational lifetime remains
inconclusive [91].

2.6 Alternative Propellant Hall Effect Thrusters

Research into alternative propellants for HETs has been an ongoing endeavour for
several decades, and several different classes of alternatives have been considered.
The easiest to integrate into current experimental and operational architectures are
inert monoatomic gaseous alternatives since they are compatible with the same fluidic

and diagnostic systems used to characterise xenon.

Molecular and condensable propellants present a range of behaviours depending on
their chemistry. Polyatomic species introduce additional excitation, vibrational, and
dissociation modes that can reduce efficiency. Some dissociation products, such as
reactive oxygen species, introduce material compatibility challenges. Liquid or solid
propellants (for example, iodine or hydrocarbon-based propellants) require dedicated
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delivery systems to produce the gaseous feed required for ionisation. This inherently
increases system complexity and power consumption, as electric heaters are typically
required to facilitate the phase change. These alternatives also raise additional
compatibility issues: iodine is highly corrosive, and hydrocarbons can produce
“sooty” carbon deposits that clog channels and shorten system lifetime through
“caking” and electrical shorting, from the resulting conductive carbon layer.

Metallic propellants are a further alternative. Metallic propellants are not new to
electric propulsion; magnetohydrodynamic thrusters [112-114], pulsed plasma
thrusters [115], and vacuum arc thrusters [116-118] all have metallic-fuelled variants.
For Hall effect thrusters, metallic propellants are attractive because they offer
substantially higher storage densities than gaseous alternatives, remove the need for
heavy pressurised propellant tanks, and can have favourable ionisation characteristics
[119]. However, they suffer from similar integration issues as condensable propellants;
novel propellant delivery systems are typically required, high temperatures for phase
change may be necessary, and system power and thermal management requirements

increase.

Moreover, a compatibility hurdle that is easily overlooked when developing
alternative propellant Hall effect thrusters is cathode compatibility. Several cathode
types, specifically LaBg and barium oxide cathodes, can be sensitive to the operational
environment and can experience “poisoning”. Although not exhaustive, LaBs and
barium oxide are both common cathode types for electric propulsion and have
compatibility issues with several alternative propellants. Cathode research is ongoing

and not the focus here; however, it remains an important consideration.

2.6.1 Gaseous Alternatives

Xenon remains an excellent propellant for electric propulsion owing to its
combination of high storage density, chemical inertness, large atomic mass, low first
ionisation energy and a large ionisation cross-section. Several gaseous alternatives
have been compared to xenon in Tab. 2.1, where key physical properties relevant to

thruster performance are listed.

Prior work has shown krypton, when operated in the same thruster geometry,
typically exhibits lower anode and overall efficiency than xenon [23-25]; this
reduction has been attributed primarily to decreases in mass utilisation and current
efficiency for krypton. Novel magnetic field topologies, such as magnetic shielding,
have been proposed to improve the viability of harder-to-ionise propellants; magnetic
shielding configurations often produce higher plasma temperatures in the ionisation
region compared to unshielded designs [19], which can increase ionisation rates at the
cost of greater radiative losses. The H9-MUSCLE results by Su [81] showed krypton
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outperforming xenon at high current densities when the dominant ion species for

xenon became Xe?", whereas krypton maintained high charge efficiency under those

conditions.

TABLE 2.1: Comparison of the mass, ionisation energies (IE), and natural abundance
of several potential gaseous propellants with xenon. Percentages are shown relative to
xenon. The ionisation energy for nitrogen refers to dinitrogen (N3); within the plasma
both diatomic and atomic states would be present [11, 120]. t: Ionisation energy for

N, = NS + e
Xe Kr Ar Ne N>
Mass, amu | 131.3 83.8 39.9 20.2 28.0

IStIE, eV 12.1 14.0 15.8 21.6 15.58"
2MIE, eV 21.0 244 27.6 41.0 -
Abundance, ppm | 0.087 1.14 9340 18.21 780840

Mass, %oxe - 63.8% 304% 154%  21.3%
TUIE,  Y%xe - 115.7% 130.6% 1785% 128.8 %"
2 IE,  Y%xe - 116.2% 1314 % 1952 % -

2.6.2 Molecular and Condensable Alternatives

Molecular propellants span gaseous diatomic or polyatomic species as well as
condensable solids and liquids that can be sublimated or vapourised for feed.
Polyatomic gases introduce additional internal degrees of freedom that increase the
number of collisional energy dissipation mechanisms; this tends to lower ionisation
efficiency compared to noble gases of similar mass [121]. Most condensable
propellants, such as iodine, offer higher storage densities and, in some cases, lower
ionisation energies than xenon and other gaseous alternatives. However, for
hydrocarbon-based molecular propellants, the ionisation energy is not strictly less

than that of xenon. A comparison of selected condensable propellants is given in
Tab. 2.2.

Sublimation or vaporisation incurs an energy cost that scales with mass flux and

reduces overall system efficiency. The feed system must ensure the propellant remains

gaseous from tank to thruster, which may require tank and feed heating and constrain

integration options. Some condensable materials, such as bismuth, require non-trivial

temperatures to achieve sufficient vapour pressure for practical mass flow rates,
which increases heater power demand and complicates thermal integration with the
spacecraft bus [119].

Other molecular-fuelled Hall thrusters have been operated on water-vapour,
dinitrogen, carbon dioxide, iodine, and hydrocarbon-based propellants. Interest in
water-vapour propulsion has increased because of in-situ resource utilisation
concepts, where ice could be harvested in-space for use as propellant. Although
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TABLE 2.2: Comparison of the properties of several alternative condensable and
metallic alternative propellants with xenon [119].

| Xe I Mg  Zn Bi Cd
Mass, amu | 131.3 126.9 24.3 65.4 209 1124

IUIE, eV | 12.1 10.5 7.6 9.4 7.3 8.9

Density STP, gcm_3 1.6 4.9 1.7 7.1 9.8 8.7

Melting point, °C | -112 113.7 650 420 271 321
Vapour pressure, Pa - 234 x 10* 384.01 2149 750x107% 15.34
Toxicity - Med. Med. Low Low High

realisation is likely decades away, systems that can operate on water are of research
interest. Several Hall thrusters have been tested on water vapour with mixed success,
producing relatively low anode efficiencies in the power regimes tested [122-124].
This low anode efficiency results primarily from very low mass utilisation, which
highlights the difficulty of ionising water vapour.

Dinitrogen and carbon dioxide have also been tested. Motivations include low cost
and potential air-breathing operation on Earth atmosphere or Martian atmosphere.
Carbon dioxide experiments, similar to water vapour, show poor anode efficiency due
to low mass utilisation [125, 126]. Dinitrogen testing targets very low Earth orbit
air-breathing concepts or cost reduction; in some cases, performance has been
comparable to low performing argon operation [12, 127].

Hydrocarbon propellants offer large ion masses and therefore potential for high
thrust, with higher storage densities and lower cost compared with xenon or krypton.
Examples tested include Buckminsterfullerene (Cep) [128, 129], naphthalene (C19Hs)
[130], and adamantane (C1gH16) [131]. Whilst this list is not exhaustive, there is a
range of hydrocarbon-based research for Hall effect thrusters.

Iodine Hall effect thrusters have seen greater interest because iodine is close to xenon
on the periodic table, yielding similar atomic mass and comparable ionisation
cross-sections. Iodine introduces compatibility challenges related to toxicity and
corrosive interactions. Despite these issues, several Hall thrusters have been operated
successfully on iodine [46, 132, 133].

2.6.3 Metallic Alternatives

Metallic propellants combine high storage density with generally favourable
ionisation properties [119]. Integration challenges are significant and varied; they
include feed design to deliver metal vapour or liquid to the anode. This can lead to
deposition within the thruster channel and propellant feed lines, which may cause
failure if a conductive layer forms and shorts the anode to the thruster body or satellite
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bus. In the case of bismuth, the solid phase has a lower density than the liquid phase,
a 3.3 % volume expansion on freezing; solidification within feed lines can therefore
cause rupture [134]. Prior studies across different electric propulsion architectures
indicate both promise and practical challenges for metallic propellants [112, 115, 116].

Despite these challenges, several Hall effect thrusters have been operated on metallic
propellants in experimental settings. The BHT-Bi-1500-V was operated successfully on
bismuth between 350 W and 880 W, achieving high anode efficiencies ( 60 %) [60]. The
HA-Zn-HET was operated on zinc between 140 W and 240 W and produced thrusts
up to 5 mN; whilst lower performing, it was a significant development for operation
in this power regime [135]. Zinc and magnesium have also been operated at higher
powers with good performance [46].

2.7 Alternative Propellant Operation

In this section we describe and discuss the operational changes to a Hall thruster
discharge when operating on alternative gaseous monatomic propellants. These
noble-gas alternatives have been chosen as the focus of this work because of the ease
with which they can be integrated into the existing testing framework and to avoid

the system-level integration issues present with other alternatives.

2.7.1 Mass

Propellant selection affects several key aspects of Hall effect thruster operation,
particularly the ionisation dynamics of neutral atoms and plasma properties. The
propellant’s neutral atomic mass is a key driver in both thrust and specific impulse
outputs. By rearranging 11; ~ #,,ti1,, from Eq. 2.28 and substituting in, the thrust and

specific impulse can be expressed as

d(m;v;) g I 24U 2m vl

m;v; m "

e = iy = T nd I e, Dy | VI o iy
q My g

N——

Ui

(2.34)

Thus, the thrust scales with the square root of atomic mass, reflecting the dependence

of momentum transfer on particle mass.

For specific impulse
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(2.35)

Specific impulse, therefore, scales inversely with the square root of atomic mass,
emphasising the trade-off between thrust and exhaust velocity.

From Tab. 2.1, it is evident that low atomic mass propellants such as neon offer the
potential for extremely high specific impulse at the same discharge voltage compared
to xenon. However, this gain is typically offset by a reduction in thruster efficiency,
due to lower mass utilisation efficiency, leading to the high specific impulse not being
achieved. It is a secondary motivation of this research to explore methods of closing
this gap, enabling the use of lighter propellants to extend Hall thruster high specific
impulse capabilities.

Furthermore, atomic mass also significantly influences neutral gas dynamics within a

Hall thruster. Assuming a thermalised neutral velocity based on the anode

ul/l - U % 7 (236)

where, 1, is the neutral velocity, and kg is the Boltzmann constant. The thermal

temperature, T,, yields

velocity of neutrals therefore scales inversely with the square root of their atomic
mass. For example, at the same anode temperature, krypton neutrals move at
approximately 125 % the speed of xenon neutrals. Affecting both the ionisation
probability and as a result increasing the mean free path of ionisation. This effect
becomes more pronounced with lighter propellants; for instance, neon neutrals travel
at roughly 255 % the speed of xenon neutrals under equivalent conditions.

Furthermore, the literature reports a wide range of assumed and measured values for
neutral temperature, with stated values ranging from 800-1300 K [136-138]. However,
as shown in Fig. 2.5, there is a demonstrable correlation between increasing anode
voltage and neutral temperature. Which is not an unexpected result, as higher
discharge voltages will result in higher powers and consequentially result in larger
thermal loads to the thruster, heating the anode. Furthermore, the neutral temperature
is clearly not constant along the thruster’s axis which is a common assumption in Hall
thruster scaling. However, the values presented in Fig. 2.5 were obtained via laser
induced florescence (LIF) measurements, a non-invasive plasma diagnostic method
that can have significant uncertainty (shown as shaded regions on the figure), for a
single laboratory thruster. As such, this data is not used to define a temperature model
but is included here to illustrate the broader uncertainty surrounding this common

assumption.
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FIGURE 2.5: Estimated xenon neutral temperature at the channel centreline over the
channel length relative to the exit plane (Z = 0 mm) of the Stanford Hall thruster,
measured via laser induced florescence for several discharge voltage levels [139]. The
temperature values shown are under the assumption that the neutrals are thermalised.

Neutral velocity plays a significant role in the ionisation dynamics of a Hall thruster.
One way to quantify this is through the ionisation mean free path, A;, defined as

Up Up
Ai=—=———, 2.37
T o) 23
where v; is the ionisation frequency, 7, is the electron number density, and (o;v,) is the
reaction rate coefficient, which will be discussed in detail in Sec. 2.7.4. Experimentally,
it has been observed that the electron number density is approximately 10 % of the

neutral number density, leading to the approximation n, ~ 0.1n, [136].

The variation of ionisation mean free path with neutral temperature for xenon,
krypton and argon is shown in Fig. 2.6. The assumed plasma temperature estimate
used for the mean free path calculations shown in Fig. 2.6 was empirically derived for
xenon and is assumed propellant-agnostic due to limited data for alternative
propellants [136]. The calculation of the reaction rate coefficient required for the mean
free path calculation is described in greater detail in Sec. 2.7.4. Lighter propellants and
lower voltages exhibit greater sensitivity to neutral temperature, underscoring the

need to account for mass and temperature effects in scaling laws.

A key observation of Fig. 2.6 is that the mean free path can vary by an order of
magnitude, depending on propellant choice and neutral temperature. This variation is
substantial and makes quantitative evaluation difficult. Given these observations, it is

clear that both propellant mass and neutral temperature should be explicitly
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FIGURE 2.6: Variation of mean free path for xenon, krypton, and argon at anode volt-
ages of 200 V, 300 V, and 600 V, as a function of neutral temperature. Calculated as-
suming optimal neutral number density [12].

incorporated into modern Hall thruster scaling approaches if non-xenon propellants

are to be considered.

2.7.2 lIonisation

Propellant choice also changes the ionisation mechanics due to each propellant having
differing electron-orbital structure, ionisation energy, and cross-sectional area of
electron-impact ionisation. The ionisation mechanics of Hall thrusters critically dictate
plasma properties. Efficient operation requires satisfying several ionisation-related
criteria, including sufficient ionisation frequency and appropriate energy

management.

To evaluate the mean free path of ionisation from Eq. 2.37 the ionisation frequency, v;,

needs to be determined. This can be achieved by via
vi = ne(owwe) (2.38)

where 0; is the ionisation cross-section, and v, is the electron velocity. The (o;v,),
sometimes referred to as the reaction rate coefficient, accounts for the
Maxwellian-Boltzmann distribution of electron velocities and their contribution to

ionising collisions, as discussed in Sec. 2.7.4.
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The neutral number density, 7,,, can be determined from the mass flow rate, ri1,,, and

channel geometry, under the assumption of uniform propellant distribution, via

1ty

=" 2.39
Acmyuy, ( )

My

where A, is the channel cross-sectional area. For annular discharge channels it can
easily be seen that the cross-sectional area can be described by the two characteristic
dimensions of a Hall thruster, as given in Fig. 2.2, such

Ac = 7thd . (2.40)

As shown in Tab. 2.1, xenon possesses the lowest first ionisation energy among the
considered gases, making it highly favourable for efficient plasma generation. Lighter
noble gases, such as krypton and argon, require higher electron energies to have
equivalent ionisation rates, increasing the energy demands on the discharge. This
trend arises because, for noble gases, decreasing atomic number results in the valence
electrons being more tightly bound to the nucleus due to reduced electron shielding

and increased proximity to nuclear charge.

Another consideration for Hall thruster ionisation dynamics is the power required to
ionise the propellant. Within a HET ions are primarily produced via inelastic electron
impact ionisation of neutral propellant atoms. For each ion created, there is a
corresponding energy cost equal to the ionisation energy, €;, that is propellant-specific,
typically measured in electron volts. Assuming quasi-neutrality, the ion production
rate is proportional to the discharge current, and the power consumed by ionisation,

Pion, can be expressed generally as

N It
PiOn = Z |:e€l‘nJr en :| P (241)
n=1

where I"* is the species specific ion current, €;" is the ionisation energy associated
with the n' ionisation state, N is the atomic number of the propellant, and I "t Jen is

the number of ions in the n'" charge state per second.

For a constant mass flow rate, switching from xenon to krypton increases the
ionisation power requirement. This is primarily due to krypton’s higher first
ionisation energy and the greater number of neutral atoms per unit mass, given its

lower atomic mass.

Assuming singly charged ions, equal thruster geometry, and neutral temperature,
from Eq. 2.41 the ratio of the ionisation power required for krypton relative to xenon
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simplifies to

1 1
Pion |Kr o €i+ / €i+ (2 42)
Pion |Xe V1M Kr \1My Xe
where Pjon|p is the propellant specific ionisation power. Using the ionisation energies

and atomic masses listed in Tab. 2.1, the ratio of ionisation power required for krypton

relative to xenon is
P, ion|Kr

Pion |Xe

— 1.448 . (2.43)

This indicates that krypton requires approximately 44.8 % more ionisation-power than

xenon to ionise the same mass flux under equivalent conditions.

Applying the same methodology to argon yields

P

Ponlar _ 5 369 | (2.44)

P ion ’Xe
Thus, ionising an equivalent mass flux of argon requires approximately 136.9 % more
ionisation-power than xenon. These results highlight the increasing ionisation cost
associated with lighter propellants, reinforcing the need for tailored thruster designs

when considering non-xenon operation.

This could, in principle, lead to colder plasmas and lower ionisation efficiencies as
more energy is being extracted from the plasma to ionise the propellant. However, the
absolute magnitude of this ionisation power is relatively small compared to the
discharge power, as shown in Fig. 2.7. For a 1000 W, 300 V discharge (discharge
current of 3.3 A), the resulting ionisation power required is 40.4 W, 46.7 W and 52.5 W
for xenon, krypton, and argon, respectively. This comparison assumes constant
discharge current rather than constant mass flux. Conversely, for constant mass flux,
ion currents scale with the square root of mass (Eq. 2.34); as a result, the ionisation
power required would scale accordingly.

Thus, propellant choice directly affects ionisation energy requirements and overall
thruster efficiency, and must be carefully considered in any effort to optimise Hall

thruster performance for alternative propellants.

2.7.3 Cross-Sectional Area of Ionisation

The cross-sectional area of ionisation, o;, represents the effective target area a neutral
atom presents to an incident ionising electron. This parameter is a function of the
electron temperature and depends on the atomic or molecular species, as well as the

ionisation state, thus providing a probabilistic measure of ionisation likelihood.

Plasma electron temperature, T,y, is a key parameter in calculating ionisation rates

and is often related empirically to the discharge voltage. One widely accepted
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FIGURE 2.7: An illustration of the ionisation power per ion current assuming a purely
mono-ionic ion current from Eq. 2.41.

relation, determined experimentally by Dannenmayer et al. [136], is given by
T,y = 0.12U; . (2.45)

This linear relation has been validated for xenon discharges in standard annular HETs
and has been adopted by multiple studies due to its simplicity and robustness [26, 68,
136]. Whilst, the result of Eq. 2.45 has not been verified as accurate for alternative
propellant discharges it is adopted for this thesis due to a lack of a viable alternative.
Some results have shown that xenon and krypton discharges have similar plasma
temperatures at the same voltage within the NASA-173Mv1 Hall thruster [61]. This
suggests that Eq. 2.45 is valid for krypton, however the NASA-173Mv1 is a very large
magnetically shielded Hall thruster and not very representative of a “traditional” Hall

thruster.

Alternatively, other formulations have also been proposed for bulk electron
temperature within a HET discharge. For instance, Azziz [140] derived a power-law

relationship from plume measurements of the BHT-1500 thruster is
T,y = 1.828U9%°'8 (2.46)

While such non-linear models may offer improved fidelity for specific configurations,
they can exhibit instability when extrapolated beyond the validated range.
Consequently, the linear formulation of Dannenmayer and Mazouffre [136] will be
used throughout this thesis for consistency and general applicability. However, there
is no consensus that this relationship holds for alternative propellants.

The cross-sectional area of electron-neutral impact ionisation plays a critical role in
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determining thruster performance. Specifically, it strongly influences the mean free
path for ionisation events, a key factor in satisfying the Melikov-Morozov criterion,
which requires that the mean free path be significantly smaller than the characteristic
length scale of the discharge channel [68, 98, 136]

\<L, (2.47)

where L is the discharge channel length.

It should be noted, however, that the Melikov—Morozov criterion is a broad
generalisation of the ionisation dynamics in Hall thrusters. In reality, ionisation
predominantly occurs in a limited region near the channel exit where the magnetic
field strength peaks. Experimental observations suggest that the effective ionisation
region has a characteristic size on the order of the channel width, i, implying that

h > A; should also be satisfied for efficient operation [141].

In practice, HETs typically exhibit L/h ratios between 1 and 2. For instance, the
SPT-100 Hall thruster has L/h ~ 1.23, while the MaSMi-60 demonstrates L/h ~ 2.0
[51, 98]. This suggests that the Melikov-Morozov criterion is reasonably satisfied
whether using the channel length or width as the characteristic length.

The variation in cross-sectional area as a function of electron energy for several
potential propellants is shown in Fig. 2.8. Xenon exhibits the largest cross-sectional
area, followed by krypton, with argon and nitrogen presenting comparable values,

and neon showing significantly lower ionisation cross-sections.

It is also noteworthy that in the case of diatomic nitrogen, the dominant ionisation
pathway is N, — N3 + ¢, rather than dissociative ionisation into atomic nitrogen ions
[145, 146]. The cross-sectional area for N; formation is more than at one order of
magnitude greater than the combined cross-sections for N™ and N3 formation across
the whole range of electron temperatures tested [146]. Additionally, nitrogen’s high
dissociation energy of 9.8 eV means that dissociation processes are energetically less
favourable compared to direct ionisation, further supporting the assumption that the

majority of ions exhausted from a nitrogen-fuelled Hall thruster will remain diatomic.

By contrast, for iodine (I;), another diatomic species considered for alternative
propellants, the dissociation energy is only 1.54 eV, leading to near-complete
dissociation in thruster plasmas [147]. Energy spent on dissociation does not
contribute to thrust production, instead manifesting as an efficiency loss. Thus, it is
reasonable to treat N ions as diatomic when modelling nitrogen-based HET

discharges.
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FIGURE 2.8: Cross-sectional area of ionisation for potential propellants versus bulk
plasma temperature in electron volts. Cross-sectional area data: xenon and krypton
from [142], argon from [143], and neon and diatomic nitrogen from [144].

2.7.4 Reaction Rate Coefficients

To accurately estimate ionisation rates, the reaction rate coefficient (o;v,) must be
evaluated. This quantity is the product of the cross-sectional area and the electron
velocity, averaged over the assumed Maxwellian-Boltzmann velocity distribution of

the electrons.

The probability distribution for the microscopic electron velocity w at a bulk electron

temperature T,y is given by the Maxwell-Boltzmann distribution such

2 me 3/2 > mpw?
g(w, Tey) = \/; (ETev> w” exp " 2Ty ) (2.48)

where m, is the electron mass, and e is the electron charge and is needed to convert the

temperature from electron volts to joules.

The reaction rate coefficient is then expressed as

(oive) = / " w0i(Toy () g(w, Toy) dw (2.49)
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where v, corresponds to the velocity associated with the ionisation energy threshold,

and c is the speed of light in a vacuum.

Eq. 2.49 was solved numerically for the candidate propellants, with the results

presented in Fig. 2.9.
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FIGURE 2.9: Computed reaction rate coefficients of potential propellants as a function

of bulk plasma temperature in electron volts.

Tab. 2.3 summarises the cross-sectional areas and reaction rate coefficients at an

assumed discharge voltage of 300 V, corresponding approximately to a plasma

electron temperature of 36 eV, according to Eq. 2.45 [136].

TABLE 2.3: Comparison of cross-sectional areas and reaction rate coefficients for can-

As shown in Tab. 2.3 and Figs. 2.8 and Fig. 2.9, xenon exhibits the highest reaction rate

didate propellants at an assumed 300 V discharge voltage, using Eq. 2.45.

‘ Xe Kr Ar Ne N>

i, 10720 132 401 255 1.84 0.12 1.17

(o,), 1074 m3s1 | 13.6  8.85 6.33 0.96 5.16
0;, Yoxe - 63.6% 459% 29% 29.2%
(07Ve), Yoxe - 65.0% 465% 71% 379 %

coefficient and cross-sectional area, followed by krypton. Argon and nitrogen

demonstrate comparable values, while neon trails significantly behind.
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Given the similar atomic mass, ionisation energy and reaction rate profiles of argon
and nitrogen, it is reasonable to expect comparable thruster performance for these
propellants under similar mass flow conditions, a conclusion supported by
preliminary experimental results of a 100 W HET operating on argon and dinitrogen
[12].

2.8 Sheath-Wall Potential in the Presence of Secondary

Electron Emission

One of the key distinctions between traditional stationary plasma thrusters and
thrusters with an anode-layer lies in the secondary electron emission (SEE)
characteristics of their channel walls. These differences primarily arise from how
electrons interact with the microstructure of the wall material. When a sufficiently
energetic electron strikes the channel wall, it may release a secondary electron via the
SEE process. SEE effect from impinging ions is not considered here as it is assumed
they are pre-acceleration and have only low thermal energies, below the threshold for
SEE to occur.

The emitted secondary electrons are typically low in energy, compared to the incident
electron, and migrate into the bulk plasma, effectively cooling it. Meanwhile, the
original high-energy primary electron is absorbed by the wall. For this exchange to
occur, the primary electron must traverse the plasma wall-sheath, the idealised
structure of which is shown in Fig. 2.10.

The structure depicted in Fig. 2.10 represents an idealised plasma of arbitrary
potential bounded by two infinitely large plates at zero potential [148]. While
simplified, this model supports several important insights into sheath behaviour.

To maintain charge neutrality and zero net potential at the wall, there must be no
charge accumulation. Under steady-state conditions, this requires zero net current to
the wall. Therefore, the balance of the positively charged ion flux and the negatively
charged electron and secondary electron fluxes must satisfy current continuity.
Expressing this balance in terms of particle fluxes, the current continuity condition at
the wall can be described analytically as

Tiw = Tew — I'sgg = Tew (1 — ¥sgg) (2.50)

where Ty, is the ion flux to the wall, I'cy is the primary electron flux, I'sgg is the
secondary electron flux, and ysgg is the secondary electron emission coefficient. This
equation is illustrated schematically in Fig. 2.11.
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FIGURE 2.10: Schematic of the plasma-wall transition layer and the two Debye
sheaths either side are shown [148].

Rearranging Eq. 2.50 as an expression for the required primary electron flux that

satisfies current continuity yields

1—‘iw

Tew=——"7-—.
N1 — e

(2.51)

This expression shows that as the SEE coefficient increases, a proportionally larger
primary electron flux is required to maintain net current balance at the wall. Therefore,

for any non-zero value of ysgg, the electron flux to the wall exceeds the ion flux.

The SEE coefficient itself can be approximated using a power-law function of the

incident electron energy via [29]
YseE = ael . (2.52)

Here, a and b are material-specific fitting coefficients, and €, denotes the effective
energy of the incoming electron, typically on the order of several to tens of electron
volts. Representative values for 4 and b for common Hall thruster wall materials are
provided in Tab. 2.4.

The difference in SEE characteristics between ceramics and metals stems from how
electrons are confined within the material microstructure. In ceramics, such as boron
nitride, electrons are not free to move within the crystalline structure and are strongly
localised. When a primary electron strikes the surface, the energy is distributed over a

small number of electrons, allowing sufficient energy transfer for secondary emission
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FIGURE 2.11: Schematic of particle fluxes at the plasma-facing wall, including primary
electron flux I'ew, ion flux I';y, and secondary electron flux I'sgg. Under steady-state
conditions, the total current to the wall must be zero.

TABLE 2.4: Power law fitting parameters for secondary electron emission. Values for
boron nitride are taken from Pigeon et al. [149], and for stainless steel from Choueiri
[29].

Material ‘ a b

Boron nitride | 0.0819 0.66
Stainless steel | 0.0400 0.61

to occur relatively easily. This process is illustrated in Fig. 2.12, where a highly
simplified example shows a high-energy electron interacting with boron nitride (BN);
the figure highlights the highly localised nature of the energy distribution resulting

from the primary electron impact.

In contrast, in metallic materials such as stainless steel, conduction electrons are free to
move throughout the material and readily interact with one another. When a primary
electron impacts a metal surface, the deposited energy is rapidly shared among many
electrons, reducing the energy per electron and raising the threshold energy required
for secondary emission. As a result, metallic surfaces typically exhibit lower SEE
yields compared to ceramics for a given primary electron energy. This process is
illustrated in Fig. 2.13 where an very simplified example of an high energy electron

interacts with a metallic crystal structure.

However, it can be quickly seen that Eq. 2.51 suggests a potential issue as ysgg — 1,
where the electron current would rapidly increase, resulting in a “short-circuit” of

electrons to the wall. In this regime, the increasing electron current would further
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FIGURE 2.12: Schematic illustrating electron interactions with a boron nitride surface.
Primary electrons impact the surface, resulting in energy transfer, absorption, and sec-
ondary electron emission depending on the local material structure.
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FIGURE 2.13: Schematic illustrating electron interactions with a metallic surface. Pri-
mary electrons impact the surface, resulting in energy transfer, absorption, and sec-
ondary electron emission depending on the local material structure.
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enhance secondary electron emission, in a run-away-current increase. This occurs
because one of the primary assumptions of the plasma sheath breaks down, as the
potential will reverse, and the sheath will become an electron attracting sheath. Before
the sheath reversal occurs, it is accepted that the secondary electrons will begin to be
re-absorbed by the wall preventing this sheath reversal.

The presence of these secondary electrons has a non-negligible effect on the
plasma-wall sheath potential required for quantifying the ion flux to the wall. With
the ions assumed cold and at the Bohm velocity when reaching the sheaths edge the
energy of the ions before the potential drop is E; = 1/2m;v%. As described by Hobbs
and Wesson [150], the plasma potential drop that the ion experiences in the presence
of SEE is

1—
Apsheath-wall = Tev In (27-('Y7'18€EE> . (2.53)
m;

However, this balance only holds for ysgg < 7*, where y* is the critical secondary
electron emission coefficient at which the wall sheath undergoes a potential reversal:
from electron-repelling to electron-attracting. This critical value v* occurs when the
energy of the primary electrons reaches a threshold, defined by Choueiri [29] as

L (2mme 0.5
e m;

al'(2+D)

1/b

T* — (2.54)

where I'(x) is the Euler Gamma function. This method of estimating ysgg has been

widely used in multidimensional Hall thruster simulations [151].

Using the values in Tab. 2.4, where boron nitride represents typical stationary plasma
thruster walls and stainless steel (SS) represents typical thruster with anode-layer
walls, the critical electron temperatures for xenon, krypton, and argon are listed in
Tab. 2.5.

TABLE 2.5: Critical electron temperature T* for sheath reversal in Hall thrusters with
boron nitride and stainless-steel walls for selected propellants.

Propellant ‘ Boron nitride, eV  Stainless steel, eV

Xenon 23.87 106.72
Krypton 23.82 106.49
Argon 23.72 105.99

As the wall electron temperature T,y approaches T*, the emission of cold secondary
electrons increases. If T,y were to closely approach or exceed T*, a shallow potential
well would form near the wall, producing a so-called “double sheath”. This structure
reflects cold emitted electrons back toward the wall, effectively capping the energy of
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primary electrons near T*. The formation of the double sheath thus serves to preserve

current continuity without requiring an unphysical increase in hot electron flux.

Understanding the plasma-wall interaction, particularly the role of secondary electron
emission, is essential for predicting and optimising Hall thruster performance when
operating on alternative propellants and in high-voltage regimes. Since TAL-type
thrusters use metallic walls with different SEE behaviour compared to traditional
ceramic channels, the sheath characteristics and plasma confinement properties are
fundamentally altered. These effects directly influence efficiency, lifetime, and
stability; key factors when designing Hall thrusters for non-xenon propellants and
high-specific impulse missions. Thus, accurately accounting for SEE processes is a
critical part of advancing the capability of Hall effect thrusters to meet the goals of this
thesis: enabling higher specific impulse operation and broadening the range of viable
propellant options for future space missions.

2.9 Summary of Background and Fundamentals

This chapter has introduced the key physical and technological concepts
underpinning the research presented in this thesis. The discussion first established the
growing importance of electric propulsion for spacecraft missions where high
efficiency and long operational lifetimes are required, contrasting this with the

performance limitations of conventional chemical propulsion systems.

Several electric propulsion technologies were then introduced, highlighting the
emergence of Hall effect thrusters as one of the dominant propulsion system selected
for mission today. The widespread adoption of Hall thrusters has historically relied on
xenon propellant, which benefits from favourable ionisation characteristics and
extensive operational heritage. However, increasing demand within the space
industry and price-volatility has motivated the investigation of alternative
propellants, particularly krypton and argon.

These propellants are of particular interest as they can be integrated into existing
propellant storage and feed architectures without requiring fundamentally new
infrastructure, however their lower atomic mass and higher ionisation energies
generally lead to reduced thruster performance when compared with xenon. As a
result, several approaches have been proposed to mitigate these performance
penalties, including operation at elevated anode discharge voltages and the
exploration of alternative thruster architectures such as the thruster with anode-layer

configuration.

Finally, the role of secondary electron emission was introduced as an important factor

influencing electron temperature balance and ionisation processes within Hall thruster
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discharges. Differences in secondary electron emission behaviour between
ceramic-walled magnetic-layer thrusters and metallic-walled anode-layer thrusters

may therefore influence the ionisation efficiency of alternative propellant discharges.

These considerations highlight the need for a more systematic understanding of how
thruster design parameters interact with alternative propellant properties, motivating

the investigation presented in the following chapters.
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Chapter 3

Scaling Methodology

3.1 Introduction

Hall effect thrusters have been employed as a primary propulsion of spacecraft for
several decades and are widely regarded as a mature and reliable form of electric
propulsion. Despite their extensive testing and research since the 1970s, a consensus
on how the physical dimensions of the thrusters themselves directly contribute to
operation has still eluded the community as a whole. Consequently, the design of new
Hall thrusters is not typically based on purely analytical methods but rather relies on

empirical or semi-empirical trends derived from previously well characterised HETs.

To address this gap in understanding, empirical methods often employ scaling
approaches that use databases of thruster geometries and their operational parameters
to infer design guidelines. In this section, a brief overview of relevant scaling
methodologies from the literature is first presented, followed by the formulation and
justification of a modified set of scaling relationships developed specifically for the
thruster investigated in this thesis. The resulting scaling predictions are then applied
to the target propellant, krypton, with corresponding operating parameters also
derived for the same thruster geometry operating on xenon.

3.2 Review of Existing Scaling Literature

Hall thrusters have been the subject of sustained research for several decades, with
numerous designs having been developed, tested, and flown in-space. Despite this
long history, a unified consensus on how to analytically size a Hall thruster to meet a
mission’s performance requirements remains elusive. Currently, there is no purely
analytical first-principles method that allows for direct thruster sizing based on

desired performance metrics. As a result, various scaling strategies ranging from
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theoretical to semi-empirical and fully empirical have been developed and applied
across the literature.

The earliest systematic scaling efforts can be traced back to the Soviet Union, where
both stationary plasma thrusters and thrusters with anode-layers were developed in
parallel. SPT development was led by A.L. Morozov at the Kurchatov Institute, while
TAL thruster research was conducted under A.V. Zharinov at the Central Scientific
Research Institute of Machine Building (TsNIIMash!) [152]. One of the earliest
proposed sets of geometric relations for SPT and TAL thrusters sought to distinguish
these two classes of Hall thrusters based on their relative physical dimensions: for SPT

thrusters
L L Hion h— Hion
-<1 , —>1 , =1, —=0, 3.1
h Lionisation h Hion ( )
and for TAL thrusters
L L Hion h— Hion
->1, —F<1 , <1, —=1, 3.2
h Lionisation h Hion ( )

where L is the channel length, / is the channel width, Lignisation is the characteristic
length over which the majority of ionisation occurs, and Hjop is the width of the ion
beam [152]. These relations reflect early insights into the physical and operational
differences between the two thruster types. For example, TAL thrusters were observed
to feature shorter channels with ionisation and acceleration occurring predominantly
outside the physical channel, as opposed to the more distributed processes seen in
SPTs.

Subsequent research at the Kurchatov Institute advanced these early efforts by
developing a purely empirical set of geometric scaling laws for SPT thrusters [153,
154]. These relationships connected various geometric parameters but did not
inherently allow scaling to a desired power level or thrust. Additional geometric
terms were introduced, such as /iyn,g, the radial separation between the inner and
outer magnetic poles, and L,, the distance from the anode to the magnetic pole plate.
The empirical relationships were given as

Hmag = 0.3d (3.3)
h =6+ 0.375Nmag , (3.4)

L = 0.32hmag (3.5)
L,=2L, (3.6)
L>11L,. (3.7)

This acronym is derived from the original Cyrillic and not from the English translation.
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From these relations, several important geometric design constraints are inferred. For
instance, Eq. 3.3 implies a linear relationship between the mean channel diameter d
and the magnetic pole spacing. Eq. 3.7 suggests that the ceramic discharge channel
should extend at least 10 % beyond the axial location of the magnetic pole plate
(assumed to coincide with the peak magnetic field), thereby ensuring full containment
of the acceleration region within the insulating channel.

Furthermore, early American studies of Hall thrusters established a useful empirical

relationship between thrust and channel diameter, reported by Gulczinski III [154] as
d*> ity < T, (3.8)

where 11, is the anode mass flow rate and T is the thrust. These results was found by
comparing the SPT-70, SPT-100, SPT-140, SPT-200, SPT-290, T-100E, and the T-160E.
The “T” designated thrusters are Soviet TAL thrusters. This proportionality has been
widely adopted as a method for scaling Hall thrusters to different power or thrust

levels using experimentally derived coefficients.

Although these historical methods offer valuable insights, they remain primarily
descriptive and often lack predictive capability for novel designs or alternative

operating conditions (e.g., non-xenon propellants or, high-voltage operation).

Modern work, though similar in structure, has adopted semi-empirical methods that
utilise analytical governing equations for Hall thruster operation to form a set of
performance-geometry scaling relations incorporating empirically determined
coefficients. These approaches offer practical utility in thruster design due to their
relative simplicity and reliance on measurable quantities. However, their predictive
capability is constrained by the underlying data: the accuracy and generalisability of
these models are directly tied to the composition and diversity of the database from
which scaling coefficients are derived. For instance, Dannenmayer and Mazouffre
[136] used a database of 33 thrusters spanning 10 W to 50 kW, while Lee et al. [98]
employed a smaller set of 17 sub-kilowatt devices, leading to subtle but meaningful
variations in the derived scaling laws. Both approaches aim to derive thruster channel
geometry based on input quantities such as anode power and voltage, although other
combinations such as thrust and specific impulse can also serve as input variables
with minor modification to the framework.

It is noteworthy that both Dannenmayer et al. and Kim et al. propose the same
geometric scaling between channel width and mean diameter of

h=0.242d . (3.9)

While Dannenmayer et al. do not explicitly state this coefficient, their data reveals a
strong linear trend that closely matches Egs. 3.3 and 3.9. They suggest that this trend
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likely emerges from the inclusion of thrusters that were themselves scaled with these
early SPT scaling methods. However, as will be discussed in Sec. 3.3.1, with our
database, the robustness of this scaling relation diminishes when incorporating a
broader diversity of thruster architectures and operating regimes [12].

A distinct methodology, known as photographic scaling, was introduced by Khayms
and Martinez-Sanchez [155]. This approach applies linear scaling to all thruster
dimensions (mean diameter, channel width, and length) under the assumption that
ionisation conditions can be preserved across scales. To maintain ionisation at reduced
power levels, the plasma density must increase, which in turn requires higher
magnetic field strengths. This requirement introduces potential material limitations,
including magnetic saturation and increased channel erosion. Ahedo and Gallardo
[156] subsequently investigated this issue and concluded that linear downscaling
reduces both efficiency and lifetime, primarily due to higher wall thermal loads and

constrained magnetic design options.

Ashkenazy, Shitrit, and Appelbaum [157] also examined low-power scaling, focusing
on preserving propellant utilisation while improving thruster lifetime. They proposed
that thruster lifetime scales with the ratio of wall thickness of the channel and
cross-sectional area to the propellant mass flow rate, such that

hthick.nessAc ' (3.10)

Hife o
n

In their approach, thruster lifetime improves through reduced propellant flow while
maintaining fixed geometry. To counteract the decrease in ionisation, they advocate
lengthening the channel. However, subsequent work has shown that this only
enhances ionisation efficiency within bounds of an optimal channel length [141,
158-160].

More recently, machine learning techniques have been explored as a means of
bypassing explicit scaling laws. For example, Plyashkov et al. [161] employed neural
networks (NNs) trained on large thruster databases to infer geometry from
performance requirements. These models show promise in interpolating within
known data but lack predictive capability outside of the training data and are highly
sensitive to biases within the training data. While NN methods have begun to

incorporate non-standard propellants, their applicability remains limited.

In contrast to purely empirical or machine learning-based approaches, recent work by
Lafleur and Chabert [162] presents a major step forward in analytical modelling. Their
one-dimensional steady-state model of a Hall thruster plasma yields a fully
closed-form solution, capturing the profiles of plasma density, potential, and
ionisation rate as a function of position. The model introduces three key similarity

parameters: a normalised discharge voltage, a normalised discharge current, and a
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combined magnetic-geometry scaling factor. Remarkably, this formulation enables
prediction of thrust, specific impulse, and efficiency in agreement with experimental
results for the SPT-100. By offering insight into how physical dimensions, discharge
parameters, and field profiles interact, this model provides a useful analytical
foundation for both design and code verification.

3.3 Hall Effect Thruster Database

The database used for the scaling analysis in this thesis is compiled from publicly
available data and publications. The final derivation of scaling coefficients used for
thruster sizing, only includes thrusters with well-documented and reliable

dimensional data.

Thruster type, Propellant
[71 SPT, Xenon [ SPT, Krypton [1 TAL, Xenon

Count

Discharge power, W

1077 min i

h‘]ﬂ i |) | Iirlfh‘l

10

FIGURE 3.1: Histogram of the database anode power values using 150 bins per
propellant-thruster type [21-23, 37, 41, 43, 45, 46, 48, 50, 51, 54, 59, 60, 92, 96, 97,
99-101, 103, 104, 107, 109, 111].

The performance data for these thrusters were collated across a range of input powers,
discharge voltages, mass flow rates, and propellants. The database comprises
approximately 1190 unique data points for 25 thrusters; 19 of which are SPT-type Hall
effect thrusters with fully documented dimensions, and 6 of which are TAL-type
thrusters. The distribution of operational discharge power for xenon and krypton for
SPT and TAL type thruster within the database can be seen in Fig. 3.1. The thrusters
contained within the database are tabulated in Tab. 3.1 with the used dimension
shown.
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TABLE 3.1: Thruster geometry database used for scaling. t: Primary anode, secondary

anode.
Thruster name ‘ dmm hmm L mm Type MS ‘ Source
85W 20 6 8.4 SPT No [37]
BHT-200 21 5.6 - SPT No [41]
BHT-600 56 16 10 SPT No | [43,105]
BHT-1000 69.8 10 10 SPT No [46]
BHT-1500 85 12 - SPT No | [92,163]
CAMILA 43 12 47.35 SPT No [96]
CSU Hall thruster | 87 17 32 SPT No [59]
D-55 55 17 4 TAL No [109]
D-80 80 t5,3 183 TAL No | [97]
HIKHET 42 8 15 SPT No [100]
ISCT200 37 10 - SPT No [101]
KLIMT 42 8 12-35 SPT No [23]
KM-32 32 6 16 SPT No [50]
MaSMi-40 36 8 - SPT Yes [164]
MaSMi-60 60 9.42 19 SPT Yes | [51, 105]
RAIJIN-66 54.1 11.9 2.1 TAL No [110]
RAIJIN-94 77 17 3 TAL No [111]
SPT-20 15 5 32 SPT No [105]
SPT-25 20 5 10 SPT No [105]
SPT-30 22.5 7.5 - SPT No [48]
SPT-50 40 10 25 SPT No [54]
SPT-70 56 14 25 SPT No [105]
SPT-100 85 15 21 SPT No [21]
TALT-2 58 4 35 TAL No [109]
TAL-110 110 40 - TAL No [109]

3.3.1 Channel Width and Mean Diameter Trends

The relationship between the channel width, /1, and the mean channel diameter, 4,
plays a critical role in Hall thruster design and are two of the primary desired outputs
from scaling methods. Several scaling models in the literature assume a direct linear
correlation between these parameters, often derived from empirical fits to existing
thruster datasets. This simplification is attractive for design purposes but may obscure

important dependencies that vary across thruster families and operational regimes.

For example, Lee et al. [98], based on a dataset of 17 sub-kilowatt thrusters, proposed
a linear relationship of the form i = 0.242d (Eq. 3.9). In contrast, a least-squares fit to
the this more diverse database compiled for this thesis yields i = 0.200d for the 19
SPT-type thrusters. The reduced linearity, R?|spr = 0.4609, as seen in Fig. 3.2 suggests

increased sensitivity to additional design parameters.

Further insight is provided in Fig. 3.3, which presents box plots of /d for various
thruster families. The BHT series, developed by Busek Co. Inc. in the United States
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FIGURE 3.2: Channel width plotted against mean channel diameter for SPT and TAL
thrusters within the dataset. Least-squares linear fits are shown for both types.

and recognised for its high performance, exhibits a wide distribution and deviates

from the typical SPT trend. The BHT family of thrusters has (h/d) = 0.205,

(h/d) = 0.209, h/d|min = 0.142, and /1 /d|max = 0.286. This supports the conclusion
that simple geometric scaling relations are insufficient to capture the range of valid
design practices across the field.

The SPT family, which refers to the thrusters in Tab. 3.1 with "SPT” in their
designation, also deviates from the overall group in terms of distribution, even though
it shares a similar mean value. The SPT family has (h/d) = 0.25, (h/d) = 0.266,
h/d|min = 0.177, and h/d|max = 0.333.

Finally, the RAIJIN family, a set of Japanese TAL laboratory thrusters, was
photographically scaled from the 5 kW-class RAIJIN-94 to the 2 kW-class RAIJIN-66.
As a result of this photographic scaling, the RAIJIN family maintains an identical
value of h/d = 0.22.

Interestingly, the TAL thruster-type exhibits a broader range of & /d ratios, with a
median lower than that of the SPT thruster-type which can be seen in Fig. 3.3.
However, correctly analysing TAL thrusters is challenging due to inconsistent
reporting in the literature; some sources report the anode width, while others refer to
the spacing between guard rings. Without direct inspection of the physical hardware,
these discrepancies are difficult to reconcile quantitatively.

Although a nominal i /d ~ 0.2 serves as a reasonable first-order approximation, the
significant variability observed, particularly across different propellants and power
and thruster families, indicates that this ratio alone is insufficient for reliable scaling.

The diversity in design approaches and operational regimes suggests that more
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FIGURE 3.3: Box plots of channel width to mean diameter ratio (h/d) for various
thruster families. The data highlight inter-family variance and the presence of out-
liers.

flexible, performance-oriented scaling strategies are required for robust thruster

development.

3.4 Derivation of Scaling Methodology Employed

This section presents the scaling relations used to size the Hall thruster employed in
this thesis. The approach builds upon methodologies established by Dannenmayer
and Mazouffre [136] and Lee et al. [98], with extensions to preserve propellant-specific
metrics and incorporate semi-empirical correlations. In addition, several novel
relations, unique to this work and informed by a broader and updated dataset, are

introduced.

3.4.1 Electron Confinement

Electron confinement and by extension, plasma confinement is a key design driver for
Hall effect thrusters. As previously discussed in Sec. 2.3, the confined electrons are
responsible for sustaining the ionisation process as well as the momentum transferal
mechanism responsible for producing thrust. Therefore, the magnetic circuit of a Hall

effect thruster must be carefully designed to ensure effective electron confinement.
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In a typical annular Hall thruster, electrons are confined by the applied radial

magnetic field. The magnetic field strength is selected such that electrons are

magnetised, while the much heavier ions remain unmagnetised or only weakly

magnetised. Classically, thermal electrons moving in a magnetic field gyrate in

circular orbits with a radius defined by the electron Larmor radius, defined as
MeVe ( Tey )

_ Melellev) 3.11
rL, B (3.11)

where 7, is the electron Larmor radius, v.(T,v) is the electron thermal velocity, and B
is the magnetic field magnitude.

For electrons to be effectively magnetised [165], the following criterion must be
satisfied
i, < [, Llmin - (3.12)

That is, the electron Larmor radius must be much smaller than the smallest
characteristic dimension of the discharge channel. To preserve this condition across
thruster scales, the magnetic field strength must scale as

Ve(Tev)

B e (3.13)

However, this classical confinement criterion can typically be satisfied using a
moderate magnetic field. Garcia, Tang, and Ren [166] proposed that a more stringent
and physically relevant constraint is to maintain a constant ratio between the electron
gyro-period and the mean time between ionising collisions. This is in order to make
sure that the electrons are confined for sufficient time to ionise the neutral propellant

flux. From this consideration, a new magnetic field scaling criterion is derived as

1
B ‘/W , (3.14)

where 1, is the neutral number density and L; is the characteristic ionisation region
length. This result draws an inverse square root relationship between magnetic field
strength and number density. The result of this is that for higher number density
(higher mass flow rate) a lower magnetic field should be chosen. This result directly
contradicts the suggested requirement that the electron gryo-period should be less
than the time between ionising electron-neutral collisions which yields

B « (ojve)ny , (3.15)
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which suggests for higher mass flow rates will require greater magnetic field strengths
to prevent a reduction in electron confinement [167].

3.4.2 Neutral Density

Neutral number density, 7,,, defines the quantity of neutral propellant atoms or
molecules per unit volume within a thruster’s discharge channel. As discussed in
Sec. 2.6, this parameter plays a critical role in ionisation dynamics and electron
confinement in Hall effect thrusters. As shown in Egs. 2.39 and 2.40, the neutral
number density can be expressed as

ity

hdm, (3.16)

ny, =
As previously discussed in Sec. 2.7.1, u,, is also a function of propellant atomic mass,
my, and assumed anode temperature (also called assumed neutral temperature), T,.
Whilst a range of value of T, exist in literature, for the analysis undertaken here an
assumed value of T, ~ 800 K was chosen and assumed propellant agnostic for
simplicity in scaling.

Previous work suggests that there exists an optimal 1, for efficient HET operation. For
xenon, this critical value has been empirically identified as n,, ~ 1.2 x 10 m—3 [68,
136]. Maintaining a roughly constant neutral density across scaling regimes helps
mitigate thermal loads and erosion. If n,, drops too low, the time between ionising
collisions becomes too long to sustain effective ionisation. Conversely, excessive 1,
increases electron-neutral collisions, degrading electron confinement due to frequent
momentum transfer [136].

TABLE 3.2: Summary of neutral number density statistics for xenon and krypton

across the dataset for SPT type thrusters and peak performance subsets from Fig. 3.4.

fiy: Mean number density; 7i,,: Median number density. The Min. and Max. columns

refer to the minimum and maximum values, respectively, within the dataset for the
corresponding row.

Propellant N iy iy Min. Max.
Units (x10Y m™3) (x10” m™3) (x10Y m™3) (x10¥ m~3)

Xenon All data 851 1.66 1.48 0.45 10.3

Peak Thrust 19 241 1.72 0.91 8.07

Peak Isp 19 2.00 1.60 0.76 5.24

Peak 7, 20 2.08 1.51 0.76 8.07

Krypton All data 338 1.34 1.43 0.64 211

Peak Thrust 4 1.68 1.77 1.06 2.11

Peak Isp 4 1.54 1.60 0.85 2.11

Peak 7, 3 1.54 1.46 1.06 2.11
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FIGURE 3.4: Box and whisker plots of neutral number density values for xenon and

krypton propellants across the Hall thruster database. The total population mean neu-

tral density is 7iy|xe = 1.66 x 10 m~3 for N = 851, and 1, |x, = 1.34 x 10" m~3 for
N = 338.

It remains uncertain whether this critical value holds for alternative propellants.
Using the thruster geometries and operating data from Tab. 3.1, the neutral number
densities for xenon and krypton were computed. The results are illustrated in Fig. 3.4
and summarised in Tab. 3.2. The peak values in Tab. 3.2 represent the operational
points at which the respective maxima were achieved for each thruster.

A few observations emerge: krypton appears more sensitive to neutral number
density than xenon, as the peak performance values each occur around a similar
neutral density. However, this may be influenced by the limited krypton data
available. Furthermore, the mean and median values for both xenon and krypton
exceed the critical value of 1,, ~ 1.2 x 101 m~3, with i, = 1.48 x 10'” and

i, = 1.66 x 10 for xenon, and 7, = 1.43 x 10'° and 71,, = 1.34 x 10" for krypton.
This suggests that such neutral density targets must be carefully tailored to specific
applications.

For instance, Su [81] demonstrated successful operation at high current and neutral
number densities of a modified H9 Hall thruster. As the H9’s dimensions are not
stated explicitly, an exact value is not known; however, the nominal maximum flow
rate for the H9 in literature has been 20 mg/s of xenon, with the H9-MUSCLE being
tested up to 68.1 mg/s of xenon, corresponding to 340.5 % of the maximum flow
rate [81, 168].

In some cases, peak performance is observed at significantly higher neutral densities
than the established critical value (max column in Tab. 3.2). Consequently,
performance values reported in the literature may not correspond to thermally

sustainable operation, an aspect not captured in this analysis. This may reflect a
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limitation of the database approach, as it does not implicitly account for thermal
loading.

Complications arise from the fact that most thrusters tested on krypton were originally
designed and optimised for xenon operation. These thrusters are then operated on
krypton, sometimes without design modifications. Consequently, the observed trends
for krypton may not reflect an ideal design point but rather emulate the performance
of xenon-optimised configurations operating with krypton as the propellant.

3.4.3 Channel Length

Empirically scaling the channel length presents a challenge, as this parameter is not
reported as frequently as others, such as power or thrust. This stems from the
relatively weak direct correlation between channel length and key operational
parameters. Instead, channel lengths are typically designed to satisfy the
Melikov—Morozov criterion, discussed in Sec. 2.7.3, which states

A< L. (2.47)

To apply this criterion, an estimate of the ionisation mean free path is required. The

mean free path is defined as
Un
Aj = . 2.37
1 ne <0'ng> ( )

As discussed in Sec. 2.7.4, the ionisation “reaction rate” is used here as
C
(o7ve) = / w0y (Tov (w)) g(w, Tov) dw (2.49)
Ve

where g(w, T,v) is defined in Eq. 2.48.

To obtain an estimate of the reaction rate, an estimate of the plasma electron
temperature is required. Following the method outlined in Sec. 2.7.3, a widely used
empirical relation between the bulk plasma temperature (in eV) and the anode

discharge voltage for xenon discharges is given by

T,y = 0.12U; . (2.45)

Although this empirical relation has been obtained for xenon discharges, it is assumed
in this work to remain approximately independent of propellant species. This
assumption is adopted in the absence of comprehensive alternative-propellant
datasets and is considered reasonable provided the dominant physical mechanisms

governing the relation remain unchanged.
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Adhering to the Melikov-Morozov criterion allows a scaling coefficient to be defined
from
LA (3.17)

This leads to a simple scaling form

L=Cih, (3.18)

where Cy, is a dimensionless channel length scaling coefficient.

3.4.4 Specific Impulse

Specific impulse is an important consideration when designing a thruster, as different
missions or applications may require different ranges of specific impulse. As
discussed in Sec. 2.1.1, it is a measure of how efficiently propellant mass is used in the
momentum exchange process for rocket propulsion. The definition of specific impulse
from Sec. 2.3.2 is defined as T

L, = — 2.17
7 2ot (2.17)

By substituting thrust from Eq. 2.34, specific impulse can also be expressed as

. 1 unb
Isp = Iymgo o (3.19)

By applying several simplifying assumptions, proportional relationships between
controlled parameters can be derived. Including the beam is assumed mono-ionic
g = e, U, =~ Uy, implying 7y ~ 1, and similarly mass utilisation is assumed close to
unity, 7, =~ 1.

Although these assumptions are non-trivial, database scaling methodology combines
results from many thrusters tested across different facilities, where detailed diagnostic
measurements are often unavailable or reported inconsistently. Consequently,
adopting simplified relationships enables a consistent comparison between thrusters
while retaining the dominant physical trends. Since database scaling is intended to
provide a first-order approximation rather than a predictive design model, it is
expected that the resulting empirical scaling coefficients will implicitly describe the
aggregate effects of these simplifying assumptions.

From Eq. 3.19 it can be seen that specific impulse appears to be independent to
thruster geometry and purely a function of propellant and discharge voltage. As a
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FIGURE 3.5: Database of thrusters with their specific impulse at peak anode efficiency
against the normalised scaling value from Eq. 3.20 for xenon and krypton operating in
SPT type Hall effect thrusters. R? |Xenon = 0.8143 and R2|Krypt0n = 0.6305.

result, we can define a specific impulse scaling coefficient as

Uy

—
ny

Iy = Cy, (3.20)
where Cj,, a propellant specific fitting coefficient. The result of this scaling coefficient
is shown in Fig. 3.5 where the trend of specific impulse for discharge voltage and

propellant is shown.

3.4.5 Thrust

Thrust is the fundamental performance parameter for spacecraft propulsion. It is

defined as the momentum exchange with the exhaust which yields
T = Ti’ll’vi . (212)

This relationship demonstrates that the thrust of a Hall effect thruster is proportional
to both the ion mass flow rate and the ion velocity. By applying the same assumptions
used in Sec. 3.4.4, the exhaust velocity can be seen as proportional to the square root of
the discharge voltage divided by the propellant mass, and the ion mass flow rate as
proportional to the neutral mass flow rate delivered to the thruster as

T o ity | 24 (3.21)

My
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FIGURE 3.6: Normalised thrust plotted against the scaling proportionality function
described in Eq. 3.22 for the SPT-type thrusters listed in Tab. 3.1. R2| Xenon = 0.9886
and Rz\Krypton = 0.9834.

This proportionality can be directly used to define a simple scaling law as

U
T:Qmmhf, (3.22)
n

where Cr is a propellant specific thrust scaling coefficient derived from database
analysis. The result of Eq. 3.22 is illustrated in Fig. 3.6.

3.4.6 Anode Power

The primary contributor to the total power supplied to a Hall thruster is the anode
discharge power, which arises from the applied discharge voltage and the resulting
electron current through the magnetic confinement in the plasma discharge. The
anode discharge power is given by

P=1U,. (3.23)

The anode discharge current I; is the sum of the currents from all ionic species in the
plume such as

N
I=) 1. (3.24)
n=1

In Hall thrusters, this current can also be expressed using the mass flow rate and

ionisation efficiency as
ity
I ~ . 3.25
d =~ Hm - ( )
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By substituting in the mass flux from rearranging Eq. 2.39 and cross-sectional area
from Eq. 2.40, it follows that
I o< uyhd . (3.26)

Consequently, the anode discharge power becomes
P ocuyhdUy . (3.27)

This relationship is illustrated in Fig. 3.7a which demonstrates a reasonably linear
trend.

Assuming a constant neutral density, the input power can be scaled in several ways.
One common approach, suggested in prior scaling models, assumes h « d, which
allows the simplification of Eq. 3.27 into

P o u,Uyd? . (3.28)

The results of this relationship are shown in Fig. 3.7b, where a linear fit is applied.

Furthermore, as illustrated in Fig. 2.4, a power-law relationship between the mean
channel diameter and anode power is observed. To investigate this, a generalised

power-law fit is applied under the assumption of

P o UyuindX . (3.29)

The corresponding fit is shown in Fig. 3.7c. Although this formulation produces the
best fit in terms of (R?) among the tested models, such behaviour is expected because
power-law relations possess considerable flexibility when fitted to limited datasets.
Furthermore, these fits are known to be sensitive to both the number of available data
points and their distribution. In the present case, the krypton dataset is relatively

small, preventing the determination of a statistically robust scaling exponent.

This introduces a methodological dilemma regarding the most appropriate
formulation for power scaling. The relation given in Eq. 3.27, which retains both
channel height 1 and diameter d, preserves more geometric information about the
thruster and is therefore physically attractive. However, this formulation complicates
the scaling procedure, since it prevents i and d from being treated as independent
parameters, which is a key requirement of the scaling methodology adopted in this

work.

Alternatively, the power-law expression in Eq. 3.29 provides a more compact
representation and yields a better empirical fit to the available data. Nevertheless, this
improvement likely reflects over-fitting due to the limited number of krypton
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thrusters within the dataset. Indeed, the fitted exponent x varies between
approximately 1.7 for xenon and 2.2 for krypton, suggesting that the value is sensitive

to dataset composition and may lack universality.

To balance physical interpretability with empirical robustness, a representative value
of x = 2is adopted. This choice is consistent with the geometric scaling of the thruster
cross-sectional area and lies within the range obtained from the empirical fits. The

resulting power scaling relation therefore becomes

P = Cpu,Uyd® , (3.30)

where Cp is a propellant-specific power scaling coefficient.

This formulation provides a sufficiently accurate representation of the available data
(R? > 0.9) while maintaining a simple and generalisable scaling relation.
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FIGURE 3.8: The result of Eq. 3.31 for both xenon and krypton SPTs from Tab. 3.1.
R?|xenon = 0.9905 and R?|krypton = 0.9837.

3.4.7 Anode Current

In Hall effect thrusters, the ion beam current is directly related to the discharge current
drawn by the anode as a result of quasi-neutrality within the plasma, making it a
critical parameter for thruster operation. As a result, it is useful to draw scaling
relations between the anode current based on fundamental thruster operation. A

simplified relationship can be derived from Eq. 3.25, resulting in

I = cld% ) (3.31)
n

where Cj, is the current scaling coefficient. The correlation from Eq. 3.31 is illustrated
in Fig. 3.8, showing a strong linear relationship for both xenon and krypton

propellants.

3.4.8 Channel Width

To move beyond a purely geometric correlation for channel width with respect to
mean channel diameter, an alternative approach was considered based on thruster
anode efficiency. One of the key sources of inefficiency in Hall thrusters is energy loss
due to plasma—wall interactions. As thrusters are miniaturised, the discharge volume
decreases faster than the surface area, leading to proportionally greater losses. This
highlights the importance of the volume-to-surface-area ratio in determining thruster

performance.
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Assuming a toroidal discharge plasma volume, this ratio can be approximated as

1
Vplasma _ jﬂzdh2

5. 52dn & h, (3.32)

where Vpjasma and Sarea denote the plasma volume and surface area, respectively. This
implies that increasing the channel width improves the volume-to-surface area ratio,
which may in turn improve efficiency, subject to limits imposed by the current density

required to sustain an efficient plasma and the physical constraint 1 < d.

As a result, it is suggested that the anode efficiency can be used to develop a scaling
method for the channel width. From Eq. 2.22, it is seen that anode efficiency can be

described in terms of more useful values for scaling as

T2

Ma = m . (3.33)

By inserting the scaling expression for thrust from Eq. 3.21 and mass flow rate from
Eq. 2.39, and the expanded form of mass flow rate from Eq. 2.39, it can be shown that

hd
fla & 7”21: (3.34)
Solving for the channel width and collecting anode efficiency within the scaling
coefficient yields
Iq
h = . :
Ch - (3.35)

This version is shown in Fig. 3.9. This formulation still reveals strong clustering by
propellant type, indicating that this simplified relation retains predictive utility. This
result is not a new concept with Dannenmayer [167] highlighting the relationship

between larger channel widths and efficiency.

In summary, while historical scaling approaches often assume a fixed linear relation
between channel width and mean diameter, analysis of a broader dataset reveals
substantial variability, particularly across different thruster families and power
classes. The conventional /1/d approximation, while useful for initial estimates, is
insufficient for capturing the nuances of modern Hall thruster design.

These findings reinforce the need for more nuanced, performance-informed scaling
strategies when designing Hall thrusters, especially in regimes involving alternative
propellants, high voltages, or miniaturised platforms. The proposed methodology
offers a more flexible foundation for such efforts.

Using the scaling coefficient described in Eq. 3.35 achieves significantly improved R>

values compared to a direct link between the mean channel diameter and the channel
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FIGURE 3.9: Normalised channel width as a function of the normalised scaling pa-
rameter from Eq. 3.35, evaluated at the operating point corresponding to maximum
specific impulse. R?|xenon = 0.9197 and R?|iypton = 0.8511.

width. The R? values shown in Fig. 3.9 are R?|xenon = 0.9197 and R2|krypt0n = 0.8511,
compared to Fig. 3.2, which has R?|spr = 0.4609 using the same dataset.

Furthermore, the difference between the krypton and xenon values again highlights
the need for a method that accounts for alternative propellants at the scaling stage.

3.5 Application of Scaling Method for Alternative Propellant
High-Voltage Operation

3.5.1 Introduction

One of the core objectives of this thesis was to develop a high-voltage,
krypton-optimised Hall effect thruster capable of supporting an anode-layer
configuration. However, during the scaling analysis, it became clear that both the
quantity and fidelity of available data were insufficient to directly design a
krypton-optimised thruster; nor more broadly, any thruster using non-xenon

propellants without introducing significant uncertainty.

As a result, the thruster designed in this work used a first-order estimation approach
for krypton operation but was intentionally constructed with a fully modular
discharge channel. This modularity enables systematic variation of channel geometry
and supports future experimental studies that can build a more robust krypton scaling
database in the 1-5 kW power regime.
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A discharge power of 1.35 kW was selected for the scaling analysis. This corresponds
to the design power of the SPT-100 thruster, a widely studied and validated device in
the literature. A discharge voltage of 600 V was chosen for two main reasons. First,
one objective of this study is to investigate high-voltage operation and its potential to
enhance ionisation efficiency when using alternative propellants. Second, for a given
power level, operating at a higher voltage reduces the discharge current, and thus the
required propellant mass flow rate which helps reduce the load on pumps during

vacuum chamber testing.

3.5.2 Scaling Methodology

To apply the scaling process outlined in this chapter, the following methodology was

implemented:

1. A target performance parameter was selected (thrust, specific impulse, or anode
efficiency). This parameter determined the optimisation objective and was used

to extract a reference condition from the database.

2. The thruster database was filtered to include only SPT-type thrusters operating
on krypton.

3. The operational condition corresponding to the maximum value of the selected
performance parameter was identified. The neutral number density, 1,,, was then

calculated from the anode flow rate and the reported channel geometry.

4. A coefficient-fitting routine was applied to derive empirical scaling constants.
For each scaling relation, the relevant independent and dependent variables were
extracted from the dataset.

5. The following theoretical relations were used to define the form of each empirical
coefficient:
¢ Cp: Anode power coefficient, fitted using Eq. 3.30.

* Cj,: Anode current coefficient, fitted using Eq. 3.31 to determine the mass
flow rate.

¢ Cr: Thrust coefficient, fitted using Eq. 3.22 to estimate thrust.

¢ Cj,: Channel width coefficient, fitted using Eq. 3.35 to determine channel
width.

¢ (Cr: Channel length coefficient, derived from the ionisation mean free path
estimate in Eq. 3.18.

* Cy,: Specific impulse coefficient, fitted independently using Eq. 3.20.

6. The derived coefficients were compiled into a coefficient table for krypton. These
coefficients were then input into a predictive scaling function, which accepts

discharge power and voltage as inputs and returns estimates of the geometry and
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performance of a krypton-optimised Hall effect thruster. The predicted outputs

are:

e Channel diameter, d

¢ Channel width, &

¢ Channel length, L

e Thrust, T

* Specific impulse, I,

* Anode mass flow rate, 7i1,

* Anode efficiency, 77,

7. The predictive scaling function was evaluated at a discharge power of 1.35 kW
and a discharge voltage of 600 V. The resulting outputs were assessed for

consistency with established scaling trends and physical feasibility.

3.6 Scaling Results

To scale the thruster for this thesis, the maximum specific impulse value within the
database for each thruster operating on krypton was considered. This was motivated
by one of the aims of this work: to investigate high specific impulse Hall effect
thrusters. A secondary aim was to investigate high-voltage operation as a method to
enhance the ionisation characteristics of alternative propellants. As a result, an anode
discharge voltage of 600 V was chosen as the scaling target. This also provided the
secondary benefit of reducing the mass flow rate for a given power, improving the
likelihood that the vacuum chamber could achieve a lower base pressure during

operation.

Initial scaling was performed with targets of 1.35 kW anode power and 600 V anode
voltage. The 1.35 kW value was chosen to match the SPT-100’s discharge power, as
this thruster has been extensively tested in the literature. The results of this initial
scaling can be seen in Tab. 3.3. However, this scaling was conducted using a larger
database that contained some poorly performing thrusters, as well as several thrusters

with incomplete geometric data.

Because the initial thruster scaling analysis was conducted using a larger database, the
resulting target parameters did not align well with the intended design objective of a
1.35 kW thruster operating at a discharge voltage of 600 V. The expanded database
contained several research thrusters with relatively low performance, thrusters with
incomplete geometric information, and, in some cases, channel dimensions that had to
be inferred from secondary sources. Such limitations introduce significant uncertainty

and potential error into the scaling relations used to design the thruster.
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TABLE 3.3: Scaling inputs and initial scaling results used to design the SHARK-600V
Hall effect thruster for this thesis.

Units ‘ Value

Scaling inputs ‘

Anode power 4 1350
Anode voltage \% 600
Propellant Krypton
Scaling outputs |
Channel width mm 8.51
Channel mean diameter mm 72.1
Channel length mm 10.2
Chosen design |
Channel width mm 8
Channel mean diameter mm 70
Channel length mm 15

To mitigate these issues, a refined thruster database was constructed, as shown in
Tab. 3.1. This reduced dataset includes only thrusters with well-documented
geometric parameters and demonstrated high-performance operation. This improved
database minimise uncertainties and errors associated with poorly characterised and
under-reported thrusters. The refined database was therefore used to re-evaluate the
expected operating conditions for the designed thruster.

Because the thruster geometry had already been selected based on the initial scaling
results, the resulting design does not correspond exactly to the original design
objective of a 1.35 kW thruster operating at 600 V when using krypton propellant.
Consequently, the true nominal operating conditions of the thruster are expected to
differ from those originally targeted.

To determine the appropriate scaled operating point, the refined database was used to
evaluate the design space corresponding to the selected channel geometry, specifically
a channel width of 8 mm and a mean channel diameter of 70 mm. The resulting
predicted operating conditions indicate an anode power of approximately 2.5 kW,
with discharge voltages of approximately 580 V for krypton and 870 V for xenon. The
full set of corrected scaling predictions for each propellant is presented in Tab. 3.4.

Argon was initially considered as a candidate propellant for scaling; however, due to
the lack of available literature, this was not possible.

Furthermore, using the reduced dataset, the scaling results for a 1.35 kW, 600 V
krypton Hall effect thruster differ from those obtained previously. Applying the

method described in Sec. 3.5.2 results in a different geometry, as shown in Tab. 3.5.
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TABLE 3.4: Scaling estimation for the chosen dimensions for both krypton and xenon.

Units | Value
Target dimensions ‘
Mean channel diameter mm 70
Channel width mm 8
Results ‘
Propellant Krypton ‘
Anode power W 2553.2
Anode voltage \% 586.1
Thrust mN 90.33
Specific impulse s 2415.6
Anode mass flow rate  mg/s 3.42
Propellant Xenon ‘
Anode power \W 2453.65
Anode voltage \Y 874
Thrust mN 82.55
Specific impulse s 2850
Anode mass flow rate ~ mg/s 2.65

TABLE 3.5: Scaling inputs and updated scaling results for the design parameters of the
original thruster using the reduced dataset.

Units ‘ Value

Scaling inputs ‘

Anode power \ 1350
Anode voltage Vv 600
Propellant Krypton
Scaling outputs ‘

Channel width mm 11.73
Channel mean diameter mm 51.43
Channel length mm 7.64
Anode mass flow rate mg/s 1.84

3.7 Summary of Scaling Methodology

This chapter introduced the historical development of scaling methodologies for Hall
effect thrusters, ranging from the earliest published scaling relations to more recent
data-driven approaches such as neural network models. Building on this background,
the semi-empirical database scaling method was selected as the primary methodology
which would build on prior methods and be extended for alternative propellants for
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this work. This approach utilises a database of existing thrusters and their reported
performance, combined with sets of governing relations derived from the underlying
discharge physics. These relations aim to capture the complex plasma processes
within empirical scaling coefficients that link key performance parameters, such as
anode power, thrust, and discharge voltage, to the geometric dimensions of the
thruster discharge channel.

However, the relative scarcity of well-characterised performance data for alternative
propellants within literature was identified as a limitation. This restricts the direct
application of database scaling techniques when designing thrusters intended to
operate with propellants other than xenon. Despite this limitation, the methodology
was applied to a large thruster database to determine an initial design corresponding
to a target operating point of 1.35 kW at a discharge voltage of 600 V using krypton
propellant. The resulting scaling analysis suggested channel dimensions of
approximately 8 mm channel width and 70 mm mean channel diameter.

Given the limited number of well-characterised krypton thrusters available for
inclusion in the database, the confidence in these scaling predictions is inherently
limited. This uncertainty informed the design choice adopted in this thesis, whereby
the thruster incorporates a modular discharge channel. This configuration enables
systematic investigation of the influence of channel dimensions on thruster
performance across multiple propellants.

Subsequently, the thruster database was refined to provide a more reliable estimate of
the nominal operating conditions for the selected geometry. The reduced dataset
included only high-performance thrusters with fully reported geometric parameters,
thereby improving the robustness of the scaling relations. Application of this refined
database suggested that the expected design power for the selected channel
dimensions is closer to approximately 2.5 kW for xenon or krypton operation.
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Chapter 4

SHARK-600V Hall Thruster Design

The design process for a Hall effect thruster involves several challenges in achieving
an efficiently operating device, even after scaling has been completed. For the
SHARK-600V, additional difficulties arose from the need for modularity and the
requirement to operate with three different propellants. Furthermore, the thruster
incorporated an optional anode-layer configuration, which had to be integrated into a

design that also employed the same gas distributor for magnetic-layer operation.

This chapter describes the process taken to design the Southampton High-voltage
Anode-layer Research Krypton 600 V Hall effect thruster, termed the "SHARK-600V”
thruster. The design started with implementation of scaling outputs as described in
Sec. 3.5, at a nominal operating point corresponded to a discharge power of 1.35 kW
and an anode voltage of 600 V. However, because of the modular discharge channel,

this value was treated as a general design guideline rather than an absolute target.

A range of channel widths was selected around the mean channel diameter of 70 mm.
Once the range of channel widths of interest had been established for the selected
mean diameter, the magnetic field design process was undertaken. This initially
employed two-dimensional axisymmetric numerical methods and was subsequently

refined using three-dimensional finite element simulations, as described in Sec. 4.3.

In parallel, the propellant delivery system and anode assembly were developed, as
detailed in Sec. 4.4 and Sec. 5.5. The results of the thermal modelling were also
incorporated to guide the overall design process, as described in Sec. 4.5.1.
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4.1 Modular SHARK-600V Krypton Hall Effect Thruster
Concept

Once the channel dimensions had been estimated using the scaling methodology
described in Sec. 3.4, an initial design was obtained with a mean channel diameter of
72.1 mm, a channel width of 8.51 mm, and a channel length of 6.7 mm. For practical
design and manufacturing considerations, these values were rounded to nominal
dimensions of 70 mm for the mean channel diameter, 8 mm for the channel width, and

10 mm for the channel length.

Starting from this nominal configuration, a modular channel architecture was adopted
to enable systematic investigation of the sensitivity of thruster performance to channel
geometry. A range of channel widths was selected while maintaining a constant mean
diameter of 70 mm, specifically 8 mm, 12 mm, and 17 mm. These widths were chosen
such that each successive constant mean diameter configuration represented
approximately a 50% increase in channel cross-sectional area relative to the previous
configuration. These configurations were implemented through interchangeable inner
and outer channel inserts, allowing the effective channel width to be varied without
altering the overall thruster structure. The smallest channel width corresponds to the
scaling output and was selected due to the high aspect ratio required by the
high-voltage design. For tests at standard voltages while maintaining the same power,
wider channel dimensions are preferable, providing flexibility to explore a wide range

of operating conditions.

TABLE 4.1: Channel width (mm) and mean channel diameter (mm) for each configu-
ration of the modular thruster. Each cell shows “h mm, d mm” for that inner and outer

configuration.
Outer Inner
SPT +0 SPT +1 SPT +2
SPT +0 8,70 10, 68 12.5,65.5

SPT +1 10,72 12,70 14.5, 67.5
SPT +2 | 125,745 | 14.5,72.5 17,70

The selected width increments were deliberately non-uniform to capture performance
gradients across the range of geometries tested. Each insert extends to a depth of

10 mm, corresponding to the channel length suggested from the scaling required for
sufficient ionisation efficiency. With the exception of the widest configuration, where
the channel body already matches the required inner and outer diameters. The use of
the inserts is illustrated in Fig. 4.1 for the three constant mean diameter cases. By
systematically combining inner and outer inserts, both the channel width and mean
channel diameter can be varied, allowing multiple channel configurations to be
realised. This approach expands the range of testable geometries within a single

thruster platform requiring minimal modification between tests. Since the inserts are
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“+0, +0” | “+1,+1” | “12, +27

Channel insert
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FIGURE 4.1: A graphical illustration of the channel inserts, showing the three constant
mean diameter cases “+0, +0”, “+1, +1” and “+2, +2”.

mounted at the front of the thruster, only the retaining ring must be removed before
interchanging the inserts to achieve any of the channel configurations listed in

Tab. 4.1, allowing for fast changing of the thruster geometry.

4.2 Thruster with Anode-Layer Design

Some literature has suggested that a Hall thruster operating in an anode-layer
configuration could achieve higher plasma temperatures [29] and given the
importance of electron temperature to ionisation of alternative propellants an
anode-layer variant was designed. This effect arises from the secondary electron
emission yield of conducting walls, which reduces the number of cold secondary
electrons introduced into the plasma, as described in Sec. 2.8. Whilst this behaviour is
generally considered detrimental for xenon operation, where the propellant is already
readily ionisable in magnetic-layer thrusters, alternative propellants with lower
ionisation cross-sections may benefit from the higher plasma temperatures of TAL

configurations.

However, due to the reduced research interest in TAL-type thrusters after the early
2000s, comprehensive scaling laws and established design philosophies for TALs are
limited. Consequently, the TAL design for SHARK-600V was based on the scaling
outputs used for the magnetic-layer configuration, to maintain consistency and enable
straightforward interchangeability between configurations. The design used the same
channel width of 8 mm and mean channel diameter of 70 mm from the scaling results
in Sec. 3.5, whereas here the channel width is defined as the distance between the
inner-diameter and outer-diameter anode sheaths. As with the magnetic-layer
thruster the TAL design also incorporated modularity, ensuring that multiple TAL
variants could be tested without extensive reassembly of the thruster. The modularity
for the TAL configurations focuses on the variable anode length as interactions with
the bulk plasma are likely a key driver in TAL performance.

The resulting TAL anode cross-sections are shown in Fig. 4.2, where the variation in
anode-layer length is evident (shown in red). The lengths of the anode-layers are
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TAL+1

FIGURE 4.2: Computer renderings of cross sections of the SHARK-600V in all of the

thruster with anode-layer configurations designed. The magnetic circuit and anode

are illustrative only and do not represent the final design. Here “L” the TAL configu-
ration channel length is shown as reported in Tab. 4.2.

TABLE 4.2: Table of all the thruster with anode-layer configurations of variable chan-
nel lengths as seen in Fig. 4.2. Here negative values represent that the anode extends
past thrusters magnetic exit plane.

Anode-layer Distance from
configuration | magnetic exit plane
TAL 2.5 mm
TAL+1 -0.5 mm
TAL-1 5.5 mm
TAL-2 8.5 mm

defined relative to the magnetic front of the thruster, as listed in Tab. 4.2. The four
configurations span a total range of approximately 9 mm between the longest and

shortest anode tips.

Although in the nominal case the anode-layer tip remains relatively close to the exit
plane, 2.5 mm, compared to what is typical for magnetic-layer thrusters, the set of
equations in Eq. 3.2 suggest that the anode exit plane separation in a TAL should be on
the order of only a few mean free paths. This constraint produces a much smaller
region for ionisation and acceleration in TAL operation. A similar conclusion can also
be reached analytically using models that account for secondary electron emission and

the quenching temperature of electrons impinging on the walls [29].



4.3. Magnetic Field Design 79

4.3 Magnetic Field Design

The target magnetic-field topology for the SHARK-600V was an unshielded design.
Magnetic shielding was not incorporated because such magnetic topologies are
typically tailored to a specific discharge-channel geometry, and the modular nature of
the SHARK-600V prevented implementation of a bespoke topology that could be
varied as channel geometry changed. In addition, the magnetic topology of
anode-layer thrusters has historically been based on unshielded designs [138, 169].
Given this thesis’ dual mandate to investigating channel geometry and enabling an
optional anode-layer configuration, a traditional unshielded magnetic design was

therefore selected.

The target magnetic-field strength at the channel exit was 150 to 300 G, which satisfies
the magnetic-field requirements discussed in Sec. 3.4.1. The experimental nature of the
SHARK-600V motivated the use of electromagnets for the magnetic circuit.
Electromagnets allow control of the magnetic-field magnitude within the channel by
adjusting coil current; this not only permits parametric investigations of the field but
also assists ignition. Specifically, a glow discharge can be established in the absence of
a magnetic field, after which the field is introduced to confine electrons, to form a high
plasma potential and accelerate the ions.

CS
# \ Inner
!/

Electromagnet

FIGURE 4.3: A graphical rendering of the cross-section and iso-metric views of the
SHARK-600V Hall effect thruster with labels highlighting the electromagnet locations.

The electromagnet coil design was strongly influenced by the laboratory power
supplies available, which typically provided a maximum of 3 A of current.
Consequently, the coils required a large number of turns to achieve the necessary field
intensity. This requirement, combined with the expected thermal load from the
thruster, motivated the decision to position the electromagnets behind the channel at

the rear of the thruster, as can be seen in Fig. 4.3. This placement increased the thermal



80 Chapter 4. SHARK-600V Hall Thruster Design

path between the plasma-facing surfaces and the coils, thereby reducing the thermal
load and lowering the effective coil resistance. Since resistance is temperature
dependent, this arrangement reduced the voltage required to drive the coils.
Additionally, positioning the electromagnets at the rear provided a larger physical
volume for the coils, permitting more turns without interfering with the discharge
channel geometry. Three outer coils and one inner coil was chosen to minimise the
number of electromagnets needed whilst providing a sufficient number that a uniform
tield within the channel could be established.

The overall size of the thruster also necessitated the use of discrete electromagnets
rather than continuous electromagnets for the outer coils. Constructing two large
coaxial continuous coils would have represented a significant expense. This was
undesirable not only due to the initial cost but also because it introduced a higher risk
of single-point failure: the loss of one large continuous coil would have required
costly replacement.

4.3.0.1 Magnetic Field Simulation: Prototyping

The magnetic field was simulated at several stages of the design process. Initially,
rapid two-dimensional axisymmetric simulations were performed using Finite
Element Method Magnetics (FEMM). These FEMM simulations were used to confirm
that high enough magnetic fields were possible with the electromagnets moved to the
rear of the thruster. FEMM employs a finite element approach that is restricted to two
dimensions. While useful for preliminary studies, this method cannot accurately
capture the field distribution in the SHARK-600V thruster due to the
non-axisymmetric nature of the thruster. Nevertheless, these simulations provided a
fast and effective means of iteratively refining the larger, non-critical elements of the
magnetic circuit. An example of an early FEMM simulation is shown in Fig. 4.4, where
the material assignment of “1010 Steel” and the electromagnet wire diameter can be
seen. Although these simulations were low fidelity and unable to represent the
discrete outer coils, they could be completed in a matter of seconds, enabling rapid
design iterations.

Once the initial magnetic circuit was defined, higher-fidelity models were developed.
Three-dimensional simulations were performed using COMSOL Multiphysics®!.
These simulations enabled detailed investigation of the full thruster geometry. In
particular, the focus was on parametrically modifying the “magnetic screen”: a
ferromagnetic annulus surrounding the ceramic channel, illustrated in Fig. 4.1. This
component plays a central role in preventing high magnetic fields near the anode and
strongly influences the magnetic topology across the thruster exit plane. Accordingly,
a large portion of the optimisation effort concentrated on refining the design of this

lCcoMSOL Multiphysics® v. 6.3. www.comsol.com. COMSOL AB, Stockholm, Sweden.
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FIGURE 4.4: Illustration of a single simulated configuration of the FEMM mesh and
output.

element. All simulation within COMSOL used non-linear B-H curve models for

Ampere’s Law within solids.

This process was carried out through a comprehensive set of parametric simulations,
systematically varying the geometry of the magnetic screen to identify designs that
achieved the desired field topology. Three sequential geometry sweeps were
performed, each increasing in complexity of the magnetic screen once the previous
sweep produced acceptable topologies. To enable the large simulation throughput
required by this parametric approach, lower fidelity meshes were employed, and
workloads were offloaded to a supercomputing cluster?. Access to this facility was

essential in enabling multiple iterations of the magnetic field design.

An example of some of the tested configurations is provided in Appendix A and
Figs. 4.5a—4.5d. In excess of 500 simulations were undertaken due to the highly
parametric nature of the thruster design space. For all simulations shown, the same
number of coil turns was used: 800 for the inner coil and 1200 for the three outer coils
(Fig. 4.3). Initial simulations varied the number of turns for both the inner and outer
electromagnets, with these values ultimately chosen to achieve the correct field with
the same current, allowing the coils to be wired in series. These simulations were
performed prior to coil assembly for the final thruster, and some variation was
anticipated in the assembled device.

For each sweep, the full set of all possible permutations of screen geometry was not
simulated; instead, a random selection was employed to keep the number of

simulations manageable. This approach ensured that a sufficiently broad range of

2The authors acknowledge the use of the IRIDIS High Performance Computing Facility and the asso-
ciated support services at the University of Southampton in the completion of this work.
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possible outcomes was captured. In sweep one, 28 configurations were simulated with
varying magnetic screen dimensions, while sweeps two and three each involved 16
configurations. Results from sweep one included both poor- and good-performing
cases. Example simulation results from sweeps one and two are provided in
Appendix A. Poor-performing screens exhibited asymmetry (Fig. A.1b), large
non-radial magnetic field components (Fig. A.1c), or significant field strength at the
base of the anode (Fig. A.1a). Identification of good-performing configurations

allowed tighter parameter bounds to be applied in subsequent sweeps.

A key observation was that reducing the magnetic field strength at the anode required
thick screen walls, but this also suppressed the exit-plane field. This limitation was
resolved by introducing two discrete thicknesses for both the inner and outer screen
walls: a thick base section to suppress the anode field and a thinner exit section to
maintain the high exit-plane field necessary for electron confinement, whilst
preserving the required topology. While effective, this dual-thickness approach
expanded the parameter space considerably, as the base and exit thicknesses, step
locations, and tip geometry all became independent variables. Sweep two was
conducted to size these screen elements, but the random application of parameters did
not yield any consistently well-performing configurations.

As a result, sweep three was conducted with closer supervision of the parameter
choices. The observations from sweeps one and two that guided sweep three were: (i)
the inner screen needed to be positioned close to the central pole, (ii) the outer screen
should be shorter than the inner screen, and (iii) the axial height of the thick base
section had little effect on exit-plane field strength provided it remained short relative
to the thinner exit sections. Sweep three therefore focused on variations in the
thickness of the thin sections, their axial heights, and the tip angles of both screens. A
subset of the 16 simulated configurations is shown in Fig. 4.5. From these results,
configuration 10 was chosen as the final design because of its symmetry about the
mean diameter line and its favourable magnetic gradient along the channel walls. This

design was then further refined, and higher-fidelity simulations were performed.

Furthermore, after the three geometry sweeps there was some concern that there
could be some material saturation. As a result, additional simulations were run with
the magnetic screen material changed to MuMetal ®; however, these resulted in
negligible difference allowing the screen to be manufactured out of the much cheaper
low carbon steel “1010 Steel”.



C. Parametric configuration 10. D. Parametric configuration 13.

FIGURE 4.5: Magnetic field simulations for selected geometry sweep 3 showing magnetic field streamlines for 2A inner coil and 2A outer coil
currents.
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4.3.1 Magnetic Field Simulation: Final

The final magnetic screen design identified from the low-fidelity parametric study is
shown in Fig. 4.5c. This configuration, while effective in simulation, included
non-physical features such as zero-radius corners. Although such sharp features
could, in principle, be approximated by machining with extremely small radii

(< 0.1 mm), doing so would significantly increase manufacturing complexity, cost,
and time. To address this, small but finite radii were introduced at all critical edges in

the design to ensure practical manufacturability without compromising functionality.

Following this modification, the geometry was re-simulated using higher fidelity
meshes to capture fine details of the field topology more accurately. These final
simulations provided the baseline magnetic field distributions used for thruster
assembly and subsequent experimental validation. The results of this high-fidelity
simulation for coil currents of 1 A and 2 A applied to both sets of electromagnets are

shown in Fig. 4.6.
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FIGURE 4.6: Comparison of full-thruster magnetic field (shown in units of Gauss)
topology at coil currents of 1 A and 2 A. Note: the internal structure has been obscured.

Fig. 4.6 shows the normal magnetic field strength with respect to the magnetic field
vector. However, the gauss meter available in the laboratory can only measure the
normal magnetic field strength relative to the probe orientation. While it is
theoretically possible to reconstruct the magnetic field vector by sweeping the probe
angle at the point of interest, this approach would be cumbersome in practice. A
three-axis probe could achieve this directly, but such probes typically have a larger

sampling volume, which reduces spatial resolution.

For this reason, it is more practical to consider the radial component of the magnetic
tield, which corresponds to the z-component in the simulations. The z-axis represents
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the radial as the simulation cross-section was taken in the y-z plane, where vy is the
vertical axis (thruster axial). The simulation results for the radial component of the
magnetic field at coil currents of 1 A and 2 A applied to both the inner and outer
electromagnets are shown in Fig. 4.7. These results will allow comparison with the
measured spacial map of the radial magnetic field in Sec. 4.3.2.

mm

-80 -60 -40 -20 0 20 40 60 mm

-80 -60 -40 -20 0 20 40 60 mm

B. Radial magnetic field (shown in units of Gauss) component (B;) at 2 A coil current.

FIGURE 4.7: Comparison of radial magnetic field (shown in units of Gauss) compo-
nent (B;) at coil currents of 1 A and 2 A. Note: the internal structure has been obscured.

From Figs. 4.6 and 4.7, it is evident that there is negligible variation in the magnetic
field within the channel between the left-hand side (an outer coil node) and the
right-hand side (an outer coil antinode). This demonstrates that the discrete nature of

the outer coils does not adversely affect the overall magnetic topology.
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4.3.2 Magnetic Field Measurements

Once the thruster was assembled, the magnetic field was measured to validate the
simulation results and to ensure that the magnetic circuit had been machined from the
correct material. A Gauss probe mounted on two linear stages was used to obtain
measurements in two physical dimensions, enabling the formation of a heat map of
the radial magnetic field strength. The experimental setup for these measurements is
shown in Fig. 4.8. The Gauss probe used was the unidirectional GM08 Gauss Meter
(Hirst Magnetic Instruments, UK), and the linear stages were MTS50-Z8 (Thorlabs
Inc., USA), each with a 50 mm travel range. During measurement, the Gauss probe
readings were continuously recorded at 1 Hz while the linear stages incremented
through a 1 mm grid, pausing for 3 s at each point within the channel to save data.
After the full range was measured, a Python script averaged the probe data to form a

three-dimensional dataset for plotting.

FIGURE 4.8: The SHARK-600V prior to testing mounted on a flat plate for magnetic
field mapping.

The Gauss probe measures only the field component normal to its sensor axis; as a
result, only the radial (z-direction in the simulation domain) magnetic field density
was measured at each axial and radial location. To verify that there was no azimuthal
variation in magnetic field density around the channel, the measurement was
repeated at both a coil node and a coil anti-node by offsetting the vertical linear stage

to the top and bottom of the thruster channel, as illustrated in Fig. 4.8.

Due to the limitations of the available bench power supplies, the electromagnets were
supplied with only 1 A to both the inner and outer coils. During the field mapping
experiments, the outer electromagnets were operated in series, independently of the
inner electromagnet, whereas during thruster operation all electromagnets are

powered in series from a single supply.
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FIGURE 4.9: Comparison of radial magnetic field measurements of the SHARK-600V

at an anti-node with 1 A coil current using two mapping approaches. In Fig. 4.9a,

the lines shown are iso-contours bounding regions of constant magnitude within the
colour map bins, not magnetic field lines.

The results of the field mapping are shown in Fig. 4.9, where two mapping approaches
are compared. Note: Fig. 4.9a and Fig. 4.9b are plotting the same dataset from the
same measurement, however, are showing discrete and continuous interpolating from
the discrete spacial radial-magnetic field density measurement. In Fig. 4.9a, the
magnetic field is presented as a discrete heat map ranging from 400 G to —100 G, with
iso-contours bounding regions of constant value within 20 G increments. The two
horizontal lines in both Figs. 4.9a and 4.9b indicate the top of the anode at 13 mm and
the thruster exit plane at 35 mm. The two vertical lines mark the inner and outer radii
for the widest configuration (“+2, +2”). Fig. 4.9b further illustrates how the data in
both figures are interpolated from a set of discrete measurement points, shown as
dotted markers.

Because the thruster was designed to be modular, accommodating a wide range of
channel diameters and widths, it produces a correspondingly wide range of possible
magnetic field strengths along the inner diameter (ID), outer diameter (OD), and
geometric mean diameter (MD). Magnetic field values for each geometry can be
interpolated from the measurement dataset, and the results of this comparison are
shown in Fig. 4.10. A particularly large variation is observed in the peak magnetic
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tield along the ID, with measured values of 182.2 G, 217.3 G, and 281.5 G for the
“+0,+#7,“+1,+#” and “+2,+ # ” configurations, respectively.

While there is significant variation in the magnetic field along the channel walls across
these configurations, the plasma will form slightly above the wall surface. This offset
is due to the formation of a plasma sheath between the zero-potential ceramic wall
and the plasma, which is near the anode potential. Nevertheless, this field variation
has important implications for the ExB formation within the channel. As described in
Sec. 3.4.1, the increased field strength near the channel walls could enhance electron
confinement by reflecting electrons back into the bulk plasma via magnetic mirroring,

rather than allowing them to impinge upon the channel walls.
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FIGURE 4.10: Comparison of radial magnetic field strength measured along the inner
diameter (ID), outer diameter (OD), and mean diameter (MD) of the SHARK-600V

with coil currents of 1 A.
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Anode

Propellant
Injection Hole

FIGURE 4.11: Front one image of the SHARK-600V Hall effect thruster in “+2, +2”
channel configurations prior to testing where anode injection holes are clearly visible.

44 Anode Design

The anode of the SHARK-600V thruster is required to perform several functions
within the Hall thruster discharge. Firstly, the anode serves as the biased point for the
plasma and therefore must be electrically conductive while sustaining operation
under the thermal loads associated with the electron current. Secondly, the anode acts
as the distributor for neutral propellant. Uniform distribution of neutral gas into the
discharge chamber is a key requirement for efficient operation [170-172]. Lastly, for
the SHARK-600V specifically, the anode must be designed such that it can be
augmented into an anode-layer configuration without modification.

Building on successful prior designs and considering ease of manufacturing, the
anode was fabricated as a single part using selective laser sintering, an additive
manufacturing technique suitable for manufacturing from metal [12]. This method
allows complex internal channels to be incorporated, enabling delivery of the single
propellant inlet evenly to the discharge channel. The anode design incorporates three
consecutive parallel channels connected by an increasing number of holes,
culminating in the final channel where the gas is expected to be evenly distributed.
The anode was additively manufactured from stainless steel 316L, a standard

non-magnetic steel.

The directionality of propellant injection has a known influence on thruster
performance [170, 171]. Although radial injection can yield higher performance in
some thrusters, this approach was not feasible here because the insertable sheaths
required for the anode-layer configuration would obstruct such injection.
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FIGURE 4.12: A illustration from the computer rendering of the anode design where

the angled propellant injection is visible, highlighted with two red-lines indicating the

inner and outer edges of the hole and the centre-line indicating the holes angle relative
to the front surface.

Consequently, axial propellant injection was adopted, with the injection holes visible
on the anode in Figs. 4.11-4.12. To increase neutral residence time in the channel, the
injection holes are angled at 25° relative to the front plane. This design choice was
motivated by the intent to implement a “swirl” injection approach, which has been
shown to enhance performance in some thrusters while remaining compatible with
the anode-layer configuration of the SHARK-600V design [49, 173].

Direct measurements of the flow distribution within the channel were not conducted
during this test campaign due to the lack of the required supporting infrastructure,
such as three-dimensional translation stages and accurate low-pressure pitot tubes
and appropriate pressure sensors. Furthermore, rarefied flow simulations were also
not undertaken for the design, as the combination of several flow regimes would
render such simulations speculative at best. It was therefore decided to iteratively
update the design if experimental observations indicated poor neutral distribution
from the anode, which was not observed.

44.1 Anode X-Ray Computed Tomography Scans

After the manufacturing of the anode, it was of interest to inspect its internal
geometry by non-destructive means. To achieve this, the anode was imaged at the
p-VIS X-ray Imaging Centre, University of Southampton.

X-ray Computed Tomography (X-CT) utilises high-energy X-rays to acquire a large
number of radiographs of the sample from different angles [174]. These 2D projections
are then reconstructed into a 3D volumetric dataset using tomographic algorithms,

allowing the internal structure to be visualised and analysed without physically
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B. Top channel slice.

D. Middle channel slice.

E. Bottom diffuser slice. F. Anode pipe slice.

FIGURE 4.13: X-ray CT slices of the SHARK-600V anode at different depths, showing
internal channels and features.
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sectioning the component. The method is particularly suited for additively
manufactured components, such as the SHARK-600V’s anode, where complex
internal channels and small-scale features are otherwise inaccessible to direct
inspection. Due to scheduling access to the X-CT equipment the imaging was
undertaken after the test campaign had concluded. However, there is no apparent
deformation or alteration from the structure as a result of the testing.

The results of the X-CT scanning can be seen in Figs. 4.13 and 4.14. It is important to
note that in X-CT scans of metallic objects, artefacts and anomalies commonly arise
due to diffraction and low-energy scattering. This effect is evident in all slices,
particularly in the centre of the images in Fig. 4.13, where the inner wall appears
“fuzzy.” A similar artefact can also be seen in Fig. 4.14, where “ghosting” occurs on
the right-hand side of the image.

/ Injection hole

.——— Top channel

~—Middle channel

w «—————Bottom channel

i l\Anode pipe

FIGURE 4.14: Side-on X-ray CT annotated slice of the anode showing the internal
propellant pipe and highlighting a manufacturing irregularity in the bottom channel.

The X-CT scans were acquired with the X-ray beam oriented from right to left in these
images. As a result, the left-hand side (the “9 o’clock” position) is expected to exhibit

significant artefacts caused by scattered X-rays.

There are several notable features in Fig. 4.13. In Fig. 4.13a, the anode injection holes
appear oval due to their angle relative to the front plate, also illustrated in Fig. 4.12.
Two larger holes are also visible; these do not extend through to the top channel but
instead serve as mounting points for anode-layer sheaths. In Fig. 4.13b, the inner wall
appears to have a lower density than the outer wall. Although some porosity in this
wall was identified previously during water pressure testing, it is unclear whether the
apparent lower density in this scan reflects true porosity or arises from artefacts. The

region in the “9 o’clock” position is expected to be particularly prone to artifacting;
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however, the trend of reduced density in the inner channel wall is consistently

observed. The impact of this feature on flow rate is difficult to quantify.

The slices in Figs. 4.13c—4.13e show similar behaviour. Propellant was delivered to the
anode through the back of the thruster via a single pipe that was manufactured
separately (due to printer bed size constraints) and subsequently press-fitted into the
anode body. The notched top of this pipe can be seen clearly in Fig. 4.13f, this was
done to prevent sealing the top of the pipe with the ceiling of the bottom channel. The
anode pipe is also visible in Fig. 4.14, where a side-on orientation highlights the
versatility of X-CT imaging. In this view, the wall between the base channel and the
middle channel appears thinner than desired, with noticeable porosity. This raises the
possibility that propellant could bypass the first diffusion stage and flow directly into
the middle channel, although confirmation would require higher-resolution imaging.
As a result of these findings, subsequent anodes were manufactured with thicker

separating walls between channels however were not tested within this campaign.

4.4.1.1 Acknowledgement
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4.5 Thermal Design Considerations

The thermal design of a Hall thruster is a critical factor in determining both lifetime
and operational limits. In TAL-type thrusters, thermal loading has been identified as
the key constraint on maximum discharge voltage, which in turn limits achievable
specific impulse [89]. This is due to the measured increase in thruster channel
temperature with increasing voltage (as well as power) seen in literature [175-177].
Thermal effects influence several aspects of thruster performance. Firstly, the
spacecraft bus typically imposes an upper limit on the thermal load from the
propulsion subsystem. Secondly, electromagnet coils require increased voltage to
maintain constant current at elevated temperatures due to the rise in electrical
resistivity. If permanent magnets are employed, their Curie temperature poses a
further limit, as exceeding it risks demagnetisation. Finally, high anode temperatures
increase the injected propellant’s thermal velocity (see Eq. 2.36), reducing residence
time in the discharge channel and thereby decreasing ionisation efficiency. While this

is not an exhaustive list, it illustrates the central importance of thermal management.
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Thermal loads within the thruster can be mitigated in several ways. Reducing
plasma-wall interaction (e.g., by adopting a magnetic shielding topology), lowering
plasma temperature by operating at reduced discharge voltage, or active and passive
cooling mechanisms are common approaches. One such passive method recently
employed, novel embedded heat pipes for passive thermal transport have been
demonstrated in high-power Hall thrusters [86]. As a result, a method for estimating

the thermal load to the thruster during operation is required.

4.5.1 Zero-Dimensional Thermal Model

A useful method for estimating the thermal load is to consider the plasma processes
that deposit energy into the thruster walls. This is done by formulating simplified
expressions for the dominant power sinks, neglecting detailed geometry to yield a
zero-dimensional approximation of thermal fluxes during operation. The model
distinguishes between SPT and TAL configurations by incorporating differences in
secondary electron emission coefficients, as discussed in Sec. 2.8, and accounts for the

influence of SEE on the sheath potential drop at the walls.

To describe how discharge power is partitioned, a control-volume perspective is
adopted in which power leaving the system is expressed as the sum of plume,
radiation, and thermal loads, such that

N
Py = Z Py =~ plume + Pradiated + Pthermal - (4.1)
n=1

where Ppume represents kinetic energy carried away by the ion beam, Pragiated 18
electromagnetic emission from the plasma to the environment, and Pi,erma)
corresponds to power deposited into the thruster structure itself. For modelling
purposes, it is often most convenient to begin by describing each of these terms in

terms of the contributing plasma species.

4.5.1.1 Ionisation Power

As described in Sec. 2.7.2, ions are produced via inelastic electron-neutral impact
ionisation of the propellant. For each ion produced there is a corresponding energy
loss equal to the jonisation energy, €/'". Assuming quasi-neutrality of the plasma, the
discharge current equals the ion production rate, such that the ionisation power flux

can be written as

N In+
Pion = Z |:€€in+ on :| ’ (24:1)
n=1

where P,y is the power consumed in ionising the propellant, # is the n'" ionisation

state, and I"* is the corresponding n*" ion species current. In this model only the first
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ionisation state is considered. For each propellant used, the first and second ionisation
energies are listed in Tab. 2.1.

4.5.1.2 Plume Kinetic Power

The ion kinetic power in the plume was introduced in Sec. 2.3.3 and defined in Eq. 2.20
as Ppjy,y. For completeness, it is repeated here with chapter consistent notation
1 5

PiKE = Emivi .

(2.20)
Whilst the ion kinetic power described by Eq. 2.20 is the only contribution considered
in Sec. 2.3.3, as it directly produces thrust, in addition there is electron kinetic power

carried away in the plume which must be accounted for in a thermal model.

For the electron kinetic power, only the neutralising cathode electrons are considered
since electrons inside the discharge channel are assumed to be sufficiently confined by
the applied magnetic field. These neutralising electrons have a velocity set by the
cathode-to-plasma potential drop. Their number equals that of the ions in the beam to

maintain quasi-neutrality, giving
=eA— , 4.2)

where A is the cathode potential relative to the plasma and I, is the beam current, this

potential is normally on the order of tens of volts [136].

The total plume kinetic power, Py, is therefore the sum of ion and electron

KE”/
contributions yielding

Py = Py + Poyy - (4.3)

4.5.1.3 Plume Thermal Power

The plume thermal power represents the enthalpy flux associated with the random
thermal motion of particles in the exhaust. It consists of contributions from the hot,
slow electrons released at the cathode and the residual thermal energy of the ions,
described as

5 I, 5 I

b b
Pthermal = EETIP; + EETQP? ’ (4.4)

where T, and T, are the ion and electron temperatures in electron volts, respectively,

and I, /e gives the equivalent particle flux in the plume. The factor of 3 arises from
including both kinetic and pressure terms in the thermal enthalpy.
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FIGURE 4.15: Approximate xenon ion thermal temperature prior to acceleration, esti-
mated from LIF measurements by Hargus et al. using Eq. 4.5 [139].

Following Azziz [140], typical values of T;, = 1 eV and T,;, = 3 eV are assumed. These
values were measured on a relatively high-power Hall thruster (BHT-1500) operating
on xenon. Owing to their small magnitude relative to the total discharge power, the
variation of T;, and T, across propellants and thrusters is neglected, and constant
values are used in this model. Another measurement of ion temperature prior to
acceleration can be seen in Fig. 4.15 where the low magnitude of the measured ion
temperature can be seen, broadly matching the estimate used here of 1 eV. This result
comes from converting the LIF velocity measurements made to a temperature in eV by

o TUm;
Tlp — Ui ’
8e

(4.5)

where v; is the LIF measured velocity.

4.5.1.4 Wall Power

One of the largest sources of loss, and a major lifetime-limiting factor in Hall thrusters,
is the flux of electrons and high energy ions deposited onto the channel walls. In this
thermal model it is assumed that all ion current not present in the beam is lost to the
walls, such that the total wall power is the sum of ion and electron contributions.

The framework for describing plasma-wall interactions, including the role of
secondary electron emission (SEE), was outlined in Sec. 2.8. There, expressions were
introduced for current continuity (Eq. 2.50), the scaling of electron wall current with
SEE (Eq. 2.51), and the effect of SEE on the sheath potential drop. These results are
applied here to quantify the corresponding thermal fluxes.
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Ions impinging the wall deliver three components of energy: a thermal component
associated with their pre-acceleration temperature, a directed component
corresponding to the Bohm velocity at the sheath edge, and the energy gained falling
through the sheath potential. Combining these contributions gives

5 1 I;
Py = EeTiw + EmiU% + eAQPsheath-wall % , (4.6)
where Tj, is the ion temperature prior to acceleration; as a result Ty, = T;,, taken as

~ 1 eV based on LIF data [139], vp is the Bohm velocity, Adsheath-wall is the sheath
potential drop defined in Sec. 2.8, and I;;, is the ion current to the wall. For simplicity,
the ion beam current fraction is approximated as #7;, = I,/ I; = 0.7, giving

Liw = (1 —np,) 14 (4.7)

Electrons are attracted to the walls at a rate sufficient to maintain current continuity.
As discussed in Sec. 2.8, the SEE process increases the required electron wall current
above the ion wall current. The effective energy of these impacting electrons, however,
is limited by the formation of a double sheath as the SEE coefficient approaches its
critical value. Following the model of Choueiri [29], the effective wall electron

temperature is expressed as

Top = T* <1 —exp [—%MD , (4.8)

where T is the critical electron temperature for sheath reversal (Tab. 2.5). Using this
effective temperature in the SEE power-law relation (Eq. 2.52) gives a value for the

SEE coefficient in the wall current balance.

The resulting electron thermal flux is then
o Lew
Py = ZeTew—e , (4.9)

where I, is obtained from the continuity condition of

L
Ly = ——— . 4.10
T ysee &
The total power deposited into the walls is therefore the sum of ion and electron
contributions, which yields
Py = Piyy + Pew - (4.11)

This formulation links the plasma sheath behaviour described in Sec. 2.8 directly to
the thermal model developed in this section, providing a self-consistent treatment of

wall losses under the influence of secondary electron emission.
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4.5.1.5 Radiated and Excited Power

In a Hall thruster discharge, many electron—neutral collisions do not lead to ionisation
but still contribute to energy loss through processes such as elastic scattering,
excitation, ion—ion collisions, and neutral-ion collisions. A significant portion of this
lost energy is radiated in the thermal or visible spectrum. Because the plasma is

optically thin, these emissions propagate without reabsorption.

To approximate this effect, it is assumed that each ionisation event is accompanied by

a proportional energy loss due to radiation or excitation

I
Prad = [ee}* 11)} ;d , (4.12)

where 1 denotes the loss coefficient per ionisation. For xenon, simulations indicate a
typical value of \ ~ 2.2 [178], for simplicity and due to the lack of a suitable
alternative the xenon value will function as a surrogate for krypton and argon as well.

4.5.1.6 Anode Heating

Electrons streaming to the anode to sustain the discharge also impose a thermal load.
This effect can be modelled analogously to electron flux to the channel walls, but with

a distinct “electron—anode temperature”
Iy
Peg = [2Te,] - (4.13)

The electron—anode temperature, T,,, differs from the bulk plasma electron
temperature because of energy losses during transit from the E x B state to the anode.
Reported estimates of T, vary widely from 1.8-15 eV [179-182], with some studies
suggesting values up to 20 eV [138]. For the present analysis, T,, ~ 10 eV is assumed.

4.5.1.7 Total Thermal Flux

Summing the major dissipation terms gives the total system power for a given input

power and voltage

Ptot:Pion+PpKE+Pp +Piw+Pew+Prad+Pea ’ (414)

thermal

where Py is the sum of each individual power component. Only some components,
namely Pj,, Pry, and P,,, contribute directly to thruster heating. Radiated power P,.q

incident on the thruster is also considered in simulations.
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4.5.1.8 Thermal Model Results

The dimensionless thermal model outlined above can be applied to a range of
scenarios, including both SPT and TAL thrusters with different propellants. Results
are given in Tab. 4.3, where nominal operating values of the SHARK-600V are used for
xenon, krypton, and argon, and SEE coefficients for BN and SS materials are taken
from Tab. 2.4.

TABLE 4.3: Comparison of power terms, in watts, in the thermal model for a thruster
operating at 1350 W and 600 V, scaled to input values for the SHARK-600V.

SPT TAL
Xe Kr Ar Xe Kr Ar
Pion 27.23 31.50 35.55 27.23 31.50 35.55
P, . 648.62 648.62 648.62 | 648.62 648.62 648.62
Pey; 47.25 47.25 47.25 47.25 47.25 47.25
I — plume 3.94 3.94 3.94 3.94 3.94 3.94
Pethermal,plume 11.81 11.81 11.81 11.81 11.81 11.81
P; 229.39  218.60 200.84 | 229.29 219.05 202.32
Py 96.09 95.66 94,70 | 404.89 394.85 375.67
P., 45.00 45.00 45.00 45.00 45.00 45.00
Praa 59.90 69.30 78.21 59.90 69.30 78.21
Pihermal 430.38 428.56 418.75 | 739.08 728.20 701.20
Piot 1169.22 1171.68 116592 | 1477.93 1471.32 1448.37
Pinput 1350.00 1350.00 1350.00 | 1350.00 1350.00 1350.00

Tab. 4.3 quantifies each component and the resulting total power predicted by the
model. It is important to note that this is a constant-current model, not a constant
mass-flux model: less massive propellants therefore correspond to lower mass flow

rates, 11, ~ m,l;/e.

This model provides initial estimates of thermal fluxes for use in thruster design,
enabling early-stage assessment of thermal management prior to manufacturing. It is
not intended to replace higher order 1D or 2D simulations, but rather to serve as a
simplified tool. As shown in Tab. 4.3 and Fig. 4.16, many of the values remain constant
across thruster type and propellant, which is not physically expected. This highlights
the simplicity and limitations of the model. However, since it is not intended to be
strongly predictive and instead relies on a large number of simplifying assumptions,

such behaviour is acceptable for its intended purpose.

As shown in Tab. 4.3 and Fig. 4.16, the approximate kinetic power suggests a thruster
efficiency of ~ 48 %, which while on the high end for alternative propellants is
consistent with high-performing Hall thrusters. However, several limitations should
be noted. At an input power of 1350 W, the sum of the power components (Piot)
increases when moving from SPT to TAL configurations. This behaviour reflects the
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FIGURE 4.16: A illustration of the results from Tab. 4.3 for both SPT and TAL type for
xenon, krypton, and argon. The Pyermar column is the sum of the thermal powers, the
Pyot column is the sum of all powers from the model.

simplicity of the assumptions applied, since the only modified term between SPT and

TAL is the electron current to the wall.

This is particularly interesting because, given the lower SEE of metals compared to
ceramics (see Sec. 2.8), one would expect a much lower electron current to the walls in
order to maintain current continuity. However, due to the much higher T* (see

Tab. 2.5) for metallic walls, electron energies reaching the surface are not retarded to
the same degree as in ceramic-walled thrusters. This results in greater power

deposition despite a lower electron current.

A significant number of simplifying assumptions were made in forming this model,
such as mono-ionic plume, the relationship between electron temperature and voltage
being assumed propellant-agnostic, and excitation losses treated as
propellant-agnostic. Moreover, several assumptions are not adjusted between
propellant types or between magnetic-layer (also referred to as SPT) and anode-layer
thrusters. In practice, the empirical data underpinning many of these assumptions are
available primarily for medium-power xenon SPT discharges. This severely limits the
predictive ability of the model and results in relatively small differences between

propellants.

This discrepancy is even more pronounced when comparing SPT and TAL thrusters,
since empirical constants are derived mainly from 1-5 kW xenon SPT thrusters.

Additionally, the SEE effect included in wall flux terms should also influence plasma
temperature, as high SEE in SPT thrusters is known to lower electron temperature by
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replacing hot primaries with cold secondary electrons. The effect of SEE on plasma
electron temperature is neglected here to preserve linearity in the equations used.

In summary, the model provides approximate thermal flux values that are useful for
design considerations in SPT and TAL thrusters operating with alternative
propellants. Despite its limitations the estimates remain valuable, and in the worst

case represent an overestimation of thermal load.

4.5.2 Thermal Design

The results from Tab. 4.3 were used to inform simulations of the steady-state
temperature of the thruster. The thruster was designed to operate with a range of
channel configurations and at high voltages. As a result, it is expected to experience
high thermal loads when operating in a low-performance configuration at elevated

voltages. This expectation informed several major design decisions.

Firstly, the electromagnets were positioned far from the discharge channel to minimise
thermal load and reduce the risk of damage during testing; the resulting estimated
coil temperatures during testing are described in Sec. 5.4.3. Their distance from the
channel also introduces thermal lag; in the event of a high thermal load, the thruster
could be deactivated and allowed to cool as the thermal energy dissipated through the
thruster body. Secondly, the thruster was designed with a large thermal mass to limit
damage in the event of a sudden increase in thermal load. A larger thermal mass
slows the rate of temperature rise, since any deposited thermal energy must heat a
substantial mass of metal. However, this choice resulted in increasing the total

thruster mass.

4.6 SHARK-600V Design Summary

This chapter has presented an overview of the design process for the SHARK-600V, a
modular high-voltage Hall effect thruster capable of operating with multiple
propellants and in both magnetic-layer (SPT) and anode-layer (TAL) configurations.
The design methodology applied analytical scaling laws, numerical magnetic
topology simulations, and experimental validation to produce a novel research

platform for investigating alternative propellant performance at elevated voltages.

The thruster design began with the application of the scaling methodology described
in Chapter 3, which established a nominal operating point and baseline channel
geometry. From these scaling outputs, a modular insert system was developed,
enabling systematic variation of channel width and mean diameter through

interchangeable inner and outer inserts. This approach allows rapid reconfiguration
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between tests, facilitating parametric investigation of channel geometry effects
without requiring thruster disassembly.

A novel contribution of this work is the integration of an optional anode-layer
configuration within the same thruster platform. Multiple TAL variants were designed
with varying anode lengths relative to the magnetic exit plane. This flexibility enables
direct comparison between magnetic-layer and anode-layer operation under
otherwise like-for-like conditions, addressing a notable gap in the literature.

The magnetic circuit design represented a substantial aspect of the development
process due to the importance of magnetic topology to efficient Hall thruster
operation. Numerous simulations were performed across multiple parametric sweeps
using several modelling methods and software packages. Validation of the magnetic
design through experimental field mapping confirmed the simulation results and
demonstrated negligible azimuthal variation despite the discrete nature of the outer
electromagnets.

The anode design utilised additive manufacturing to create the complex internal
structure of the gas distributor, with angled injection holes to promote swirl injection.
X-ray CT imaging provided non-destructive verification of the internal geometry and
revealed manufacturing irregularities, which informed subsequent design iterations.

A zero-dimensional thermal model was developed to estimate power partition and
thermal loads prior to manufacturing. The model distinguishes between
magnetic-layer and anode-layer configurations by incorporating differences in
secondary electron emission coefficients and their effect on sheath potential drops.
The analysis suggested that anode-layer configurations experience higher thermal
loads despite lower electron currents to the walls, due to the higher critical electron
temperature for metallic walls. These thermal estimates directly informed key design
decisions, including the rear placement of electromagnets to increase thermal path
length and the incorporation of a substantial thermal mass to slow temperature rise
during testing. Subsequent operational experience confirmed the adequacy of this

thermal management approach.

Several limitations of the thermal model should be acknowledged. The model relies
heavily on empirical constants derived primarily from medium-power xenon
magnetic-layer thrusters, and many assumptions are necessarily treated as
propellant-agnostic due to limited available data. Consequently, the model is best
interpreted as providing conservative upper-bound estimates for design purposes
rather than precise predictions.
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Chapter 5

Southampton Test Campaign

5.1 Introduction

This chapter outlines the facilities, supporting hardware, and diagnostics employed in
the experimental characterisation of the SHARK-600V Hall effect thruster undertaken
at the University of Southampton, together with the resulting performance
measurements. As described in Chapter 4, The SHARK-600V features a modular
discharge channel architecture, enabling systematic variation of both channel width
and mean channel diameter without requiring changes to the magnetic circuit,
electrical system, or fluidic supply. This flexibility allows the thruster to be operated
across a wide parametric envelope while maintaining controlled and repeatable
experimental conditions. From the resulting dataset, a Gaussian process regression
model is developed to enable continuous interpolation between tested geometries and
comparison with the semi-empirical scaling methodology presented in Chapter 3.

5.2 David Fearn Large Vacuum Chamber Facility

All experimental testing at the University of Southampton was conducted in the large
vacuum chamber within the David Fearn Electric Propulsion Laboratory, shown in
Fig. 5.1. This vacuum chamber has an internal length of 4.5 m and a diameter of 2.0 m,

providing sufficient volume for plume expansion during thruster operation.

The pumping system consists of a single Oerlikon Leybold LV140C roughing pump
with a pumping capacity of 145 m3/h, two Coolpower 140T cryo compressors coupled
to two Coolpack 6000H 20 K cold heads, and two MAG W 2200 iP magnetically
levitated turbopumps. Together, this system provides a combined nominal xenon
pumping speed of approximately 26,000 L/s (21,800 L/s from cryogenic pumping and
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4,200 L/s from turbopumping). This pumping configuration was able to achieve an
average argon pumping speed of ~59,000 L/s across a 0-300 sccma, cold flow range.

In this configuration the facility achieves a base pressure of < 6 x 10~ mbar and an
operational pressure of < 5 x 10~> mbar with 60 sccm of xenon injected. Chamber
pressure is monitored using a Pfeiffer (Scotland, UK) D-35614 Assar Pirani gauge and
the cold cathode type gauge located at the upstream end of the facility, approximately
0.8 m from the thruster mounting location.

FIGURE 5.1: The David Fearn Electric Propulsion Laboratory at the University of
Southampton where all experimental testing presented in Chapter 5 was undertaken.

A high-level diagram of the electrical, fluidic, and data acquisition set-up used for the
Southampton experimental campaign is shown in Fig. 5.2. The power supplies are
illustrated in the floating configuration employed for this campaign, which is
described in greater detail in Sec. 5.4. The fluidic distribution system regulating gas
flow to the anode and cathode is also shown and is discussed further in Sec. 5.5. The
thrust balance, including the laser triangulation sensor, is likewise indicated; its
design, calibration, and validation are described in Sec. 5.6. Finally, the control and
data acquisition connections to the laboratory computer are shown, from which
power, flow, thrust measurements, and calibration procedures are managed, which is
covered ion greater detail in Sec. 5.7.

5.3 Cathode

The experimental campaign employed an off the shelf Model 5000 Hollow Cathode
Electron Source from Intlvac Thin Film Corporation (Georgetown, Canada), which
utilises a tungsten filament for electron emission. The cathode used for this test
campaign is shown in Fig. 5.3.
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FIGURE 5.2: Illustration of the electrical, fluidic and data connections of the vacuum
chamber testing that was used for this campaign.

FIGURE 5.3: The HCES 5000 hollow cathode used during the Southampton testing
campaign.

Space-grade hollow cathodes typically operate at comparatively low flow rates
relative to the anode, nominally a few percent of the anode flow. However, the
operation of the HCES 5000 hollow cathode required a non-negligible propellant flow
rate on the order of several sccm. At low anode flow rates, this could introduce the
possibility of the thruster ingesting of neutrals and ions from the cathode plume,
potentially leading to an artificial enhancement of measured thruster performance.
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To evaluate this effect, dedicated tests were previously conducted with a 100 W class
thruster and this cathode, where variations in cathode mass flow rate were shown to
have a minor impact on overall thruster performance; corresponding to
approximately a 2% anode efficiency change across the tested range [58]. As the
SHARK-600V is more than an order of magnitude more powerful, with a
correspondingly higher anode mass flow rate, it is assumed that cathode neutral flow
effects will be negligible. The cathode was operated at a fixed flow rate of 5 sccm of
krypton (N5.0 purity) for all tests conducted within this chapter.

Cathode placement can play a significant role in thruster operation. For all tests
within Chap. 5, cathode position was kept constant, at 45° orientation relative to the
thruster exit plan, cathode orifice approximately 30 mm downstream of the thruster,
with the cathode angle down such the injection point is tangential to the near side of
the thruster channel. This location was chosen due to early test providing ease of
ignition. Furthermore, this configuration allowed for the cathode orifice to be visible

from the chamber window such ignition could be visually confirmed.

5.4 Electrical Setup

The electrical configuration for thruster testing at the University of Southampton is
shown schematically in Fig. 5.2. The negative connections of the anode power supply
and cathode keeper power supply were electrically tied to the cathode insert, which
was operated in a floating configuration for all tests. This approach was chosen to
better replicate in-space conditions and to ensure current continuity between the

plasma discharge and the cathode.

The electromagnets were powered on an independent circuit, simplifying the
electrical connections and isolating their operation from the plasma discharge loop.
The thruster body was left floating but connected to ground through a 100 MQ)
resistor. This allowed the body to reach a nominal floating potential while limiting
charge accumulation that could otherwise perturb the plasma or pose a risk to the

thruster and diagnostics.

For comparison, additional tests were performed with the thruster body directly
grounded, as well as fully floating without the resistor. In both cases, the difference in

thruster behaviour was negligible relative to the nominal configuration.

5.4.1 Anode Power Supply

The SHARK-600V anode was powered by a LAB-AUTO 1000-30 programmable DC
supply (1000 V, 30 A, 10 kW). All tests were conducted in voltage control mode, with
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typical discharge voltages in the range 200-600 V and discharge currents up to 15 A.
The power supplies positive output connected to the anode was routed through the
low-pass filter described in Sec. 5.4.1.1 to protect the supply against plasma-induced

transients.

The supply was connected via Local area network (LAN) to the laboratory control
computer through a dedicated network switch and operated remotely throughout all
tests. This connection also provided data logging of voltage and current with
resolutions of 0.1 V and 1 mA at a rate of 20 Hz, which were integrated into the
campaign data acquisition system (see Sec. 5.7). Software limits were applied to
prevent accidental over-voltage or over-current conditions during testing.

5.4.1.1 Low-Pass Filter Design

To protect the anode power supply from electromagnetic transients during thruster
ignition, a low-pass filter was integrated into the supply line. Without this protection,
the supply’s over-current safeguard was frequently triggered during ignition as the
plasma was established during ignition, requiring a time-consuming manual restart of
the remotely operated system. The filter could be bypassed by selecting alternative
shielded-banana plug sockets; in the optional unfiltered bypass path, high-current
diodes are still present to block reverse current into the supply terminals, so protection

was retained even when the filter circuit was not.

The chosen design for the circuit is shown in Fig. 5.4a, with input connections from the
power supply (left) and the output terminals (right). A dedicated ground point is also
included, which should remain connected even when the negative terminals are

floated, as it acts as the sink for rejected high-frequency noise and can optionally serve

as the negative terminal ground.

The manufactured filter box, used throughout the SHARK-600V test campaign, is
shown in Fig. 5.4b. The final design incorporated Vishay 1200 V, 80 A rectifier diodes, a
KEMET C4AQ polypropylene capacitor rated at 1.5 kV DC and 8 uF, and a 600 W,

wire-wound, 100 Q) resistor.

5.4.2 Cathode Power Supply

Cathode operation was supported by a LAB-DSP 600-005 programmable DC source
600V, 5 A, 3kW). The supply was used to provide the high ignition voltage required
by the hollow cathode as well as steady-state keeper current during operation. For
ignition, the supply was operated in voltage control mode at up to 500 V. Once
discharge current was established, the supply would switch to current control mode
to maintain a 2.5 A keeper current. Under these conditions, the keeper voltage was
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FIGURE 5.4: Low-pass filter implementation showing (a) the circuit diagram and (b)
the assembled hardware.

observed to be 30-50 V without an active plasma and 15-25 V once plasma coupling
was established with the thruster. The higher keeper voltages would be seen after
several hours of operation.

The cathode supply was connected and integrated into the control system using the
same LAN-based method as the anode supply, enabling full remote operation.
Voltage, current, and protection status were logged continuously during testing as
part of the data acquisition system described in Sec. 5.7.

5.4.3 Electromagnet Power Supply

The thruster electromagnets were powered using a Kikusui PWX750MHF
programmable DC supply (230 V, 10 A, 750 W). The supply was integrated into the
facility control system via a LAN connection, enabling remote operation and

continuous monitoring during testing.

Although the electromagnets are ideally driven in current control mode to maintain a
constant field strength, operation in this mode led to significant oscillations in the
delivered current. For stability, the supply was therefore operated in voltage control
mode. In practice, the operator incrementally increased the voltage set point
throughout testing to compensate for coil resistance growth caused by heating. A
nominal current of 2 A was maintained in this manner, with the required supply
voltage rising from approximately 26 V at start-up to as high as 52 V under sustained
thermal loading. If the required voltage exceeded 52 V, testing was suspended until
the coils had cooled sufficiently to return the operating point to within the acceptable

range. Assuming the coils were at approximately 23°C initially and using the thermal
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FIGURE 5.5: Piping and Instrumentation Diagram for the multi and mixed propellant
delivery system.

coefficient of copper of 3.9x 1073 °C~1, this increase in resistance corresponds to an
average coil temperature of approximately 258°C. This is below the maximum rated
temperature of 300°C, if by a small margin.

This voltage rise is unsurprising given that the test durations extended over several
hours with anode discharge powers up to 4 kW. Furthermore, the coils featured a high
turn count, making them more sensitive to resistance increases under thermal loading.
The choice of a high turn count, as described in Sec. 4.3, was made to achieve the
required magnetic field strength at relatively low electromagnet currents compatible
with the available power supplies.

5.5 Fluidic Setup

To support testing of the SHARK-600V on multiple propellants and at the flow rates
required, a dedicated propellant delivery board was developed: the Multi And miXed
Propellant Delivery System (MAXPDS). The system was designed to allow rapid
switching between gases, independent cathode and anode feeds, and a controlled
cathode ignition bypass. The Piping and Instrumentation Diagram (P&ID) of the

setup is shown in Fig. 5.5.

The MAXPDS employed three Bronkhorst EL-FLOW Select mass flow controllers
(MFCs): one dedicated to the cathode line and two for the anode. The cathode was
titted with an F-201CV-050-RAD-22-V controller with a flow range of 0.6-30 sccm Xe
and an accuracy of £0.5 % of the reading £0.1 % of the max flow. The anode lines
were each fitted with F-201CV-200-RAD-22-V controllers with a wider flow range of
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FIGURE 5.6: Photograph of the MAXPDS front control board as implemented for the
SHARK-600V test campaign.

3-150 sccm Xe and the same accuracy. All controllers were stainless steel (5SS 316L)
with Viton seals, and were pre-programmed with Xe, Kr, Ar, Ne, N, and air. The
FLOW-BUS which connected to the individual flow controllers itself was operated
remotely via a Python script, which continuously logged the mass flow rates during
testing, as described further in Sec. 5.7.

During the campaign, the system was operated with xenon, krypton, argon, neon
(mixed with xenon), as well as N all at N5.0 purity. Feed pressure was regulated to
1-2 bar from the storage cylinders via the pressure regulators. This aided in rapid
switching between propellants since only the small dead volume in the feed lines
(1-5 minutes of flow at most) needed to be exhausted, making changing between

gases straightforward and fast.

The cathode line also incorporated a dedicated bypass to aid ignition, see Fig. 5.5.
Instead of the manually actuated needle valve used in earlier systems, the new design
fixed the needle valve partially open and added a manual button valve for short
pulses of gas. In practice, only one brief “burp” was typically required to achieve
ignition. This improvement, along with the integrated MFC control, provided a higher
level of repeatability compared with the previous single-line manual setup, which had
required both manual valve actuation and manual flow logging.

The final system provided reliable multi-propellant delivery and ignition support and
greatly improved both the efficiency and accuracy of testing compared with previous

approaches.
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5.6 Thrust Balance Development!

This section is adapted from “Inter-Laboratory Characterisation of a Low-Power
Channel-Less Hall-Effect Thruster: Performance Comparisons and Lessons Learnt”
Munro-O’Brien et al. [183], where the thrust balance developed for this thesis was
validated in a cross-laboratory test campaign. The thrust balance was also presented
previously in “Validation of an adjustable sensitivity inverted pendulum thrust stand
with a novel external plasma thruster” Munro-O’Brien et al. [184], where its adjustable
sensitivity and application to an external plasma thruster were first introduced.

Thrust measurement is a key diagnostic for evaluating Hall thruster performance, as
both specific impulse and anode efficiency can be derived from a measured thrust
together with known input parameters such as anode mass flux and discharge power
(see Eq. 2.10 and Eq. 2.22). Direct thrust measurements thus provide a non-invasive

and reliable means of assessing overall propulsion performance.

Accurate thrust data are particularly critical for electric propulsion systems, which
often operate at the milli-Newton level where strain gauges and force transducers are
unsuitable. In addition, thrusters impose non-negligible thermal loads on diagnostics,
making robust measurement techniques essential. The most widely used
ground-based method involves measuring the displacement of a suspended platform
or spring-mounted arm under thrust loading [185]. While such balances are
conceptually straightforward, they are sensitive to thermal drift due to the
temperature dependence of spring constants, which complicates calibration.

Pendulum-type thrust balances are especially well suited for Hall thruster
applications due to their sensitivity and relative simplicity. They can operate as static
devices for time-averaged measurements or, in dynamic mode, to characterise pulsed
operation. This flexibility, together with straightforward static calibration, makes
pendulum balances the most practical and widely adopted approach for experimental
Hall thruster testing.

Alongside thrust, controlled parameters such as anode mass flux and discharge power
were recorded, enabling the calculation of key performance metrics including specific

impulse and efficiency.

1Adaptecl from “Munro-O’Brien, T.F, Ahmed, M., Lucca Fabris, A. and Ryan, C.N., 2025. Inter-
Laboratory Characterisation of a Low-Power Channel-Less Hall-Effect Thruster: Performance Compar-
isons and Lessons Learnt. Aerospace, 12(7), p.601.”, Munro-O’Brien et al. [183]
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5.6.1 Thrust Balance Variants

There are several forms these thrust balances can take, each with its own advantages
and disadvantages. Here, a non-exhaustive selection is described to provide

additional context on thrust measurement techniques.

5.6.1.1 Hanging Pendulum

Hanging pendulum thrust balances consist of a suspended arm with the thruster
mounted at the bottom. Their mechanically simple, self-stabilising design requires
minimal components and no active control since gravity restores the system to
equilibrium. These balances are relatively robust to thermal drift, as the restoring force
is dominated by gravity rather than the thermally sensitive flexures. Sensitivity can be
limited compared to other designs. However, nano-newton accuracy hanging
pendulum balances have been tested to success for low mass thrusters [186].

5.6.1.2 Inverted Pendulum

Inverted pendulum balances are used when higher sensitivity is required or when
thruster mass or envelope is large. The thruster mass counteracts the flexure stiffness,
significantly increasing responsiveness. Sensitivity can be tuned with differing
stiffness” of the restoring springs, but this makes the design more susceptible to
thermal drift. To mitigate this, such systems often employ thermal shielding or active
cooling. An example of a high-performance null-displacing inverted pendulum stand
can be found in Xu and Walker [187].

5.6.1.3 Torsional Pendulum

Torsional balances rotate about an axis parallel to gravity, making their sensitivity
largely independent of thruster mass. This characteristic makes them suitable for
testing thrusters across a wide range of sizes. Through careful design, torsional
balances can achieve very high resolution, down to the hundreds of nano-Newton
range [188, 189]. They have also demonstrated good accuracy for pulsed thrust

measurements [190].

5.6.2 Double Inverted Pendulum Thrust Balance

The thrust balance previously used in the David Fearn Electric Propulsion Laboratory

was a hanging pendulum design. This balance was employed for testing a range of
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sub-kilowatt thrusters [12, 58, 135, 191]. While effective for low-power testing, the
balance was ill-suited for heavier thrusters. Furthermore, its sensitivity was relatively
low (2.6082 ym/mN, Tirila [135]). These limitations motivated the development of a
more robust and tuneable solution capable of accommodating a wider range of

thruster masses and operating conditions.
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FIGURE 5.7: Illustration of the double inverted pendulum thrust stand with counter-
balance [183].

A new thrust balance was therefore designed and manufactured to extend the
laboratory’s testing capability to higher-voltage and higher-mass thrusters. To achieve
this, a double inverted pendulum with a counterbalance configuration was selected.
The operational principle is illustrated in Fig. 5.7, which provides compactness,
tuneable sensitivity, and flexibility for future upgrades. Incorporating aspects of both
hanging pendulum and inverted pendulum designs, this configuration allows the
thruster to be mounted on top without requiring a superstructure to enclose it, thereby

mitigating issues associated with plasma formation within the balance structure.

The thrust balance design drew inspiration from several existing stands. In particular,
the thrust stand developed at Bogazici University in Turkey by Kokal, Saridede, and
Celik [192], itself based on the thrust stand originally designed at the Massachusetts
Institute of Technology (MIT) in the United States by Tartler [193], provided a
foundation for the concept. Although the pivoting mechanisms differ between these
stands, the underlying mechanics of the double inverted pendulum remain consistent.
However, while the cited designs were optimised for low-power, low-mass thrusters,
the balance developed here represents a significantly scaled-up version of the concept.
It incorporates alternative flexure designs, displacement sensing methods, and passive
damping systems to accommodate the higher power levels and larger thruster masses
targeted in this work.

The double inverted pendulum thrust balance was chosen for several key reasons:
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Compact geometry removes restrictions on thruster size and layout.

* Sensitivity can be tuned via counterweights and adjustable flexure lengths.

Straightforward upgrade path to a null-displacement configuration.

¢ Top-mounted thruster reduces plasma-balance interactions observed in earlier
tests.

The completed design (Fig. 5.9) incorporates cable management, cathode mounting,
and diagnostic access. The frame dimensions (570 mm x 450 mm X 665 mm) and
height (715 mm to thruster mount, 1460 mm overall).

A. CAD rendering of the complete in- B. CAD rendering with internal struc-
verted pendulum thrust balance. ture visible.

FIGURE 5.8: Design views of the inverted pendulum thrust balance.

The thrust balance was successfully manufactured and tested in the University of
Southampton’s large vacuum chamber facility, as shown in Fig. 5.9.
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FIGURE 5.9: The manufactured inverted pendulum thrust balance installed in the
Southampton large vacuum chamber, with the SHARK-600V mounted post-test.

5.6.3 Thrust Balance Calibration

Calibration of the University of Southampton’s thrust balance was performed prior to
each test to quantify sensitivity, force-displacement response, and systematic errors.
Connecting a thruster to the balance inevitably introduces external stiffness
contributions from propellant lines, power cables, and diagnostic connections, all of
which must be accounted for when relating measured displacement to thrust.
Furthermore, during operation thermal loads from the plasma discharge to the
thruster, the balance and the electrical and fluidic lines can cause drift effects. The
thermal expansion of cables and fluidic lines especially introduce phantom forces.

These can be accounted for by repeating calibration several times throughout testing.

The calibration procedure followed the methodology of Polk et al. [185]. A known
calibration mass, M, was suspended from the balance on a plumb line of length P,,
of fine wire (with a diameter of approximately 70 ym). This mass is also attached via
another wire to a Thorlabs” (New Jersey, USA) MTS50(/M)-Z8 motorised translation
stage. To apply a calibration force that is parallel to the thrust axis, the mass is
displaced tens of millimetres by the motion stage such that the horizontal component
of the tension in the line applies a force to the thrust stand. By displacing the mass

through a small distance J, a restoring tension is applied to the balance corresponding



118 Chapter 5. Southampton Test Campaign

to a calibration force, such that

(SMcalg 0
N

where g is the gravitational acceleration. The resulting displacement of the balance

Feal = (5.1)

was measured using a Micro-Epsilon ILD1750-10 laser triangulation sensor (resolution
0.1 ym, sampling frequency 5 kHz). A Butterworth filter was applied to the raw signal,
and steady-state levels before and after the applied force were averaged to determine
the net displacement. An example calibration trace is shown in Fig. 5.10. The same

calibration setup and mass was used for all tests presented within this thesis.
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FIGURE 5.10: Laser triangulation sensor output for a standard calibration, showing
the raw signal, filtered response, and steady-state levels.

The force-displacement relationship was then obtained via least-squares regression,
giving
51' = ScatFi + beal , (5.2)

where S, is the calibration coefficient (m/N) and b is the offset (m).

For N, calibration points, the variance of the residuals was estimated as

2 ZlNcal((si - bcal - ScalFi)2
)

s5 = . (5.3)
Neal — 2
This gives an estimate of the balance variance, 0’52 ~~ 5(25, which can be expressed in
force units as
5
op o 20 (5.4)
Scal
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The uncertainty in the calibration coefficient is given by

S
Seal = ————— (5.5)
\/Zi Cal(Fi - Fcal)2
where F, is the mean applied force. For sufficiently large Neai, Scal & Ocal-
Finally, the calibration error is defined as
log
Calerror = Sscal ’ (56)
cal

and the total fractional uncertainty in a thrust measurement T is
% (2) + Oeat | * 52
T \\s Scal) '

For each test, a new in-situ calibration was performed, and the resulting coefficients

were used to calculate thrust and associated uncertainties. These values are reflected

in the error bars presented throughout this work.

5.6.4 Calibration Results

The results of the calibration, including the fitted coefficient and calibration offset, are
shown in Fig. 5.11. For each applied force, several repeat measurements (nominally
tive) were taken. These repeats are difficult to distinguish in Fig. 5.11 due to the small
variance between them. The corresponding statistical variance and its contribution to
the overall thrust measurement error are summarised in Tab. 5.1. As shown, the
calibration achieved a high level of precision. For each test campaign, a new in-situ
calibration was performed, and the results of that calibration were directly propagated
into the error bars of the performance data presented in this thesis.

5.6.5 Cross-Laboratory Validation of Thrust Balance®
5.6.5.1 Introduction

Before commencing SHARK-600V testing, the newly developed double inverted
pendulum thrust balance at the University of Southampton was validated against an

2 Adapted from “Inter-laboratory characterisation of a low power channel-less Hall effect thruster: per-
formance comparisons and lessons learnt”, Munro-O’Brien et al. [183]. The original publication lists con-
tributions as follows: conceptualisation, methodology, validation, formal analysis, investigation, data cu-
ration, visualisation, and writing by Thomas F. Munro-O’Brien and Mohamed Ahmed; resources, super-
vision, and project administration by Andrea Lucca Fabris and Charles N. Ryan; and funding acquisition
by Mohamed Ahmed.
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FIGURE 5.11: Example output of the calibration process for the thrust balance used in
these tests. The corresponding statistical results and error analysis are summarised in
Tab. 5.1.

TABLE 5.1: A table of the results from one of the calibration runs of the thrust balance
used for these testing. Individual calibrations are run for each test in-situ.

Variable Value ‘ Unit
Average force 43.611 mN
Calibration coefficient 7.0613 um / mN
Calibration Offset -6.8217 pm
No. of calibration steps 36 #
Oy 5.1234 (£) pm
OF 725.5699 (£) uN
s, 0.0304 | (£) pm / mN
Calibration error 0.4304 %
Error on a 10 mN measurement 8.043 %
Error on a 50 mIN measurement 1.541 %
Error on a 100 mN measurement 0.850 %

independent system. Since no previously characterised thrusters were available
locally, collaboration was established with the University of Surrey. Their torsional
thrust balance had been used to characterise a novel channel-less Hall effect thruster,
termed the eXternal Plasma Thruster (XPT), providing an opportunity for direct
comparison with the Southampton balance. The details of this joint campaign are
reported by Munro-O’Brien et al. [183].
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5.6.5.2 External Plasma Thruster

The XPT developed at the University of Surrey is an external plasma thruster that
operates on the same principles as a conventional HET but without a discharge
channel. The magnetic circuit, consisting of two hollow cylindrical samarium-cobalt
(SmCo) permanent magnets, is positioned behind the anode. The anode extends
beyond the thruster body to allow direct propellant injection and improved thermal
management. A side-by-side comparison of the XPT operating in both facilities is

shown in Fig. 5.12.

.

University of Southampton

University of Surrey

FIGURE 5.12: Operation of the XPT on xenon in the David Fearn Electric Propulsion
Laboratory at Southampton (left) and in the Daedalus facility at Surrey (right).

5.6.5.3 Experimental Results

To compare the two thrust balances, xenon-fed XPT performance was measured at
both facilities over a range of anode mass flow rates and discharge powers. Fig. 5.13
summarise the results. At low flow rates of 5 to 6 sccm, Southampton consistently
measured higher thrust. For example, at 5 sccm xenon and 250 V, Surrey reported

2 mN at 102 W, while Southampton recorded 3 mN at 121 W.

At higher xenon flow rates of 8 to 10 sccm, this trend did not persist. Despite higher
anode powers at Southampton, measured thrust was lower, particularly at 10 sccm. At
lower anode voltages of 100 and 150 V, results from both facilities overlapped. As the
voltage rose to 200 and 250 V, discrepancies of up to 25 % emerged. These differences
correlated with variations in magnetic field strength and vacuum conditions specific

to each facility.

5.6.5.4 Conclusion

The experimental campaign demonstrated strong agreement between facilities in the

low-power regime when characterising the miniaturised external plasma thruster. In
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FIGURE 5.13: Thrust measured for the xenon-fed XPT at different anode mass flow
rates in the University of Surrey and University of Southampton facilities.
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FIGURE 5.14: Anode efficiency of the XPT at varying xenon flow rates, measured at
Surrey and Southampton.

particular, for the 5 sccm case at both facilities, the results showed close agreement,

with the Southampton measurements lying within the error bars of the Surrey data.

At higher powers, however, notable disparities in thrust were observed. These
differences likely arose from a combination of thermal effects on magnetic
components and the influence of background pressure on thruster behaviour. The
divergence in performance between the two facilities became increasingly pronounced
at elevated anode mass fluxes and power levels.
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Overall, the cross-laboratory tests demonstrated that, while absolute performance
values can diverge due to facility-dependent effects, the Southampton thrust balance
produced consistent and repeatable measurements. The improved accuracy of this
balance, even at low thrust levels, relative to the torsional balance at the University of
Surrey is evident in Fig. 5.14, where the Southampton data exhibit smaller error bars.
Throughout testing, the uncertainty in thrust measurements at Southampton ranged
from 0.07 mN to 0.23 mN, whereas at Surrey the range was 0.26 mN to 0.46 mN. This
benchmarking exercise validated the accuracy and reliability of the Southampton
balance, providing confidence in its application to the SHARK-600V campaign. Full
details of the facility-dependent effects are presented in [183].

5.7 Data Acquisition Set-up

The data acquisition (DAQ) system used for these tests represented a major
improvement over the previous approach of manually recording each data point,
which was prone to human error and rounding inaccuracies. Automated logging
enabled continuous recording of voltage and current from all power supplies at a
frequency far beyond human capability, facilitating the construction of meaningful
error bars for the measured values.

To implement this DAQ system, the power supplies and flow controllers were all
remotely operated via a Python-based control script. The script employed
multi-threading to handle each instrument as an independent process, ensuring
reliable and synchronous communication. Each power supply described in

Secs. 5.4.1-5.4.3 was connected to the laboratory control computer through a network
switch and addressed using a unique Internet Protocol (IP) address. The flow
controllers were operated via the Bronkhorst FLOW-BUS interface, which was
connected to the DAQ system through a USB-A 3.0 link. A high-level connection map
of the instruments used in this test campaign is shown in Fig. 5.15.

The voltage levels reported by the power supplies were validated with manual
multi-meter measurements and found to be accurate; the current values as reported by
the power supplies were therefore adopted without independent verification. The
flow controllers were calibrated by Bronkhorst prior to their integration into the

set-up, and no independent verification was undertaken.

5.7.1 Power Supply Communication

Instrument communication for the power supplies was achieved using the Standard
Commands for Programmable Instruments (SCPI) protocol, an ASCII-based standard
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FIGURE 5.15: High-level connection map showing how instruments were linked to
the laboratory computer during operation of the DAQ system.

for sending instructions and receiving responses from laboratory equipment.
Although SCPI provides a general command framework, each supply used in this
work required device-specific syntax, necessitating the development of bespoke
Python functions for each instrument. These were implemented as class objects within
the Python environment, allowing each power supply to be controlled and queried
individually during operation. An example showing only the initialisation section of
the LAB-AUTO power supply driver class is given in List. 5.1. While each supply type
requires its own bespoke structure, all operate on the same principle and share very

similar implementations.

import pyvisa
import threading

import time

class LABAUTO_PowerSupply:

def __init__(self, ip_address, name):
self .ip_address = ip_address
self .name = name

self . resource_string = f‘TCPIP::{self.ip_address}::5025::SOCKET’
self.rm = pyvisa.ResourceManager ()

self .power_supply = None

self .connected = False
self.lock = threading.Lock()
self.set_voltage_value = 0
self .set_current_value = 0

LISTING 5.1: Initialisation of the LAB-AUTO power supply driver (VISA socket,
thread-safety, and cached setpoints).
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5.7. Data Acquisition Set-up

An example of the query of the output values for the LAB-AUTO 1000-30 power

supply used for logging can be seen in List. 5.2. The ASCII request in this case is the
MEAS:VOLT?; *WAI portion, where the ; *WAI portion instructs the supply to wait for the

response before executing the next command. This ensures that requests do not

overlap, preventing the response to a voltage query from being misattributed to the

current query.

def query_output (self):
with self.lock:

if not self.connected:
self.connect ()

try:
output_voltage = self.power_supply.query(‘MEAS:VOLT?;*WAI’)
time.sleep (0.005)
output_current = self.power_supply.query(‘MEAS:CURR?7;*WAI’)
return float (output_voltage), float(output_current)

except Exception as e:
print (f"Error querying output: {e}")

return None, None

LISTING 5.2: Python method used to query output voltage and current from the power

supply.

5.7.2 Flow Controller Communication

As the flow controllers do not use SCPI as the communication language, their

communication method differs from that of the power supplies. Commands are

instead issued by writing to numerical parameters within the FLOW-BUS protocol.

For example, setting parameter=9 updates the flow set-point of the controller. The

Python method used to write values to a specified parameter is shown in List. 5.3.

def write_value(self, parameter, value):

try:

self.instrument.writeParameter (parameter, value)

print (f"Successfully wrote value {valuel} to parameter {parameter}

f"on node {self.node_address}")

except Exception as e:

print (f"Error writing value {value} to parameter {parameter} "
f"on node {self.node_address}: {e}")

LISTING 5.3: Method for writing a value to a specified parameter on the FLOW-BUS

instrument.

5.7.3 Multi-threading Structure

To enable simultaneous operation of each instrument without building up large

command queues, multi-threading was employed so that each device could be



126 Chapter 5. Southampton Test Campaign

— Ip ——————— | THREAD |[==| PS! A
address
— Ip ————— | THREAD |[=—] PS2 PyVISA1.15.0
address
- P +———— | THREAD |=—==| PS3
— — —
CONTROL address /
PANEL N
+—| Node! |<=] THREAD |[=—=] FC1
COM bronkhorst-
— port +—| Node2 |<=] THREAD |==—=| FC2 >pmpar 1.2.0
+—| Node3 |+ THREAD |=<—=| FC3 Y,

FIGURE 5.16: Thread-level connection map used for the DAQ system, illustrating par-
allelisation and the separate communication protocols for each instrument.

accessed independently. A schematic of the thread-level connections between the

laboratory computer and the instruments is shown in Fig. 5.16.

5.7.4 Graphical User Interface

Once all instruments were connected and capable of being queried and commanded,
they were integrated into the control panel developed for the test campaign. The
control panel, implemented using the tkinter package (the standard Python interface
to the Tcl/Tk graphical user interface toolkit), is shown in Fig. 5.17.

5.7.5 Datalogger

The GUI included a “Start Logging All” function, which, when activated, queried each
instrument at 20 Hz and stored the results in comma-separated values (CSV) files,
with one file generated per thread. This logger again is its own class which is handed
the other class objects “devices” and logs them separately into a file.

5.7.6 Thrust Balance Measurements

In addition to logging power supply values and flow controller outputs, the
displacement of the thrust balance was continuously monitored. The primary
measurement was provided by a Micro-Epsilon ILD1750-10 laser triangulation sensor,
a high-speed digital sensor operating at 5 kHz. The laser displacement sensor was

mounted to the underside of the thruster mounting plate and measured the
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FIGURE 5.17: Screenshot of the data acquisition front panel showing all connected
power supplies and flow controllers.

displacement between itself and the bottom plate of the thrust balance. This
configuration provides 2 x mechanical amplification, which enhances the sensitivity of
the balance. The thrust balance is mounted within the chamber on rubber feet to
isolate it from the low-frequency noise generated by the cryo-panel cold heads.
However, the signal from the laser required several filters to make it usable for thrust
measurements.

During each test, the laser displacement data were logged continuously to a CSV file.
To manage file sizes during long-duration tests, a 50-point moving mean was applied
in real time. This down-sampling yielded an effective temporal resolution of 100 Hz,
while still capturing the thrust balance dynamics with sufficient fidelity. This
resolution was adequate to capture the step-function response of a thrust

measurement, as illustrated in Fig. 5.18.
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FIGURE 5.18: Example thrust measurement from the analysis routine, showing laser

displacement, anode voltage, anode current, and anode mass flow rate. The red verti-

cal line marks the on—off transition, shaded regions represent the averaging windows,

and the horizontal dot-dashed lines indicate the two laser displacement averages used
to calculate the thrust-induced deflection.

5.8 Data Analysis

Data collection was designed to be continuous; consequently, careful attention to data
readback was required to ensure accuracy and reliability in the performance
measurements. To perform a thrust measurement, the thruster was brought to the
operating point of interest and held until the discharge current stabilised. The
stabilisation time varied between operating points; therefore, to ensure consistency,
the thruster was held at each operating point for a minimum of 30 s before a
measurement was taken. Once equilibrium was reached, the anode power was shut
off, producing a step response in the thrust balance laser sensor. This displacement
was converted to thrust using the calibration coefficient determined as described in
Sec. 5.6.3. The balance was calibrated before testing and periodically throughout to
ensure that no significant drift occurred that could affect the measurements.

After each test, the CSV logs from the power supplies, flow controllers, and laser
sensor were imported into pandas DataFrames. The calibration file was also loaded,
and the thruster configuration was input manually. All datasets were standardised by

converting the timestamps to a uniform datetime format.

The datasets were then merged using the laser data as the master timeline, aligning
rows on the nearest timestamp. The power supply and flow controller logging rate

was 20 Hz, whereas the laser was sampled at 100 Hz. This disparity was resolved
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within the merged dataset by duplicating rows from the lower-resolution files to align
with the nearest timestamps in the laser signal. To keep signals distinct, all
non-timestamp columns were prefixed with their source. The result was a single
merged DataFrame containing synchronised measurements from all instruments,

ready for subsequent analysis.

Using this new master test dataset, to identify when the anode discharge was
terminated, the high-to-low transitions were identified in the merged dataset.
Specifically, the anode current column was analysed to find points where the current
was high (> 0.5 A) and transition to low (< 0.5 A), with a moving average filter
(window size of 20 points) to smooth noise. The corresponding timestamps of these
events were returned as a list, marking the points at which the thruster was switched
off.

Subsequently, the array of event timestamps is passed to a dedicated analysis
function, which processes the thrust balance data and evaluates performance metrics
before and after each transition. For each detected event, mean and standard
deviation values are calculated for the laser displacement, the anode, cathode, and
electromagnet voltages and currents, as well as both anode and cathode mass flow
rates, within defined pre- and post-transition windows. The regions immediately
before and after the transition are excluded, as they correspond to transient behaviour
and are not representative of steady-state operation. Only the laser displacement
values from the post-transition window are used to calculate the deflection between
on- and off-states; the other signals require only their steady-state on-values for
analysis. An example of this analysis method applied to a single thrust measurement,
with the regions of interest highlighted, is shown in Fig. 5.18.

Due to the lower temporal resolution of the power supply signal, the thrust
measurement appears to pre-date the power supply switching off; this is merely an
artifact of the lower resolution and is corrected by the exclusion window.

Propellant flow rates and corresponding propellant names are extracted from the flow
controller logs. Using a conversion dictionary, the values are converted from sccm to
mass flow in mg/s. This anode mass flow, together with the thrust measurement, is
then used to calculate specific impulse and, efficiency. Calibration constants and errors
from Sec. 5.6.3 are applied to quantify the thrust magnitude and its associated
uncertainty. The final results are compiled into a DataFrame, where each row
corresponds to a detected transition and includes all computed parameters (such as
thrust, specific impulse, efficiencies, and propellant flow and gas) as well as the

aggregated instrument measurements and the derived laser displacement.
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5.9 Experimental Results

Neon-Xenon

FIGURE 5.19: A side by side comparison of the thruster operating in the large vacuum
chamber at the University of Southampton on xenon (top left), krypton (top right),
argon (bottom left), and neon-xenon mix (bottom right).

5.9.1 Introduction

This section presents and discusses the experimental results of the SHARK-600V Hall
effect thruster operated in nine discrete channel configurations in magnetic layer
mode, as well as in an optional anode-layer configuration. Each magnetic-layer
configuration was fully characterised on xenon, krypton, and argon without any
modification to the test set-up. The thruster was successfully operated up to 600 V on
xenon and krypton, with a maximum voltage of 500 V achieved on argon. To the
author’s knowledge, this represents the first instance of a thruster being characterised
on xenon, krypton and, argon without alteration to thruster setup or configuration.
Furthermore, the range of channel configurations investigated provides an additional
insight into how discharge channel dimensions influence Hall effect thruster

operation with alternative propellants.

The thruster has also been nominally operated on a neon-xenon mixture as well as
dinitrogen. However, the performance was not recorded for these tests as it was
primarily a demonstration of the flexibility of Hall effect thruster operation.
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5.9.1.1 How to Read Grid Plots

Due to the modular nature of the thruster and the testing on three propellants, a large
quantity of data is generated that can be difficult to compare when overlaid. To
address this, grids of subplots are used to represent discrete thruster configurations.
Each subplot corresponds to a specific set of channel dimensions or configuration
names. These configurations are denoted as “+0”, “+1”, or “+2” and correspond to the
inner and outer channel inserts listed in Tab. 5.2. In-text, these will always be referred

to in the format (“inner, outer”).

The grid arrangement of the plots mirrors the structure of Tab. 5.2, enabling direct
visual comparison between data and thruster geometry. In Tab. 5.2, the diagonal from
the top left to the bottom right represents the constant mean diameter case for
increasing channel width. This also holds for the minor diagonals: from the top
middle to the left middle, and from the right middle to the bottom middle, each
representing a constant channel width case for increasing mean diameter.
Furthermore, moving from top to bottom within each column increases both channel
width and mean channel diameter. An example of such a grid is shown in Fig. 5.20,
where the different channel configurations are illustrated. The dimensions plotted
correspond to those listed in Tab. 5.2, and the figure is displayed at a reduced scale of
1:3 relative to the actual geometry for clarity (assuming a standard A4 page).

TABLE 5.2: Channel width (mm) and mean channel diameter (mm) for each configu-
ration of the modular thruster. Each cell shows “h mm, d mm : “+ #, + #” for that inner
and outer configuration.

Outer Inner

SPT +0 SPT +1 SPT +2

SPT +0 | 08.0,70.0: “+0, +0” | 10.0,68.0: “+1, +0” | 12.5,65.5: “+2, +0”
SPT +1 | 10.0,72.0: “+0, +1” | 12.0,70.0: “+1,+1” | 14.5,67.5: “+2, +1”
SPT +2 | 12.5,745: “+0,+2” | 14.5,72.5: “+1,+2” | 17.0,70.0 : “+2, +2”

5.9.2 Global Performance Trends

The thruster was operated across a range of discharge voltages and anode flow rates
for each propellant. For xenon, the anode flow rate was varied between 20-60 sccm
over discharge voltages of 200-600 V. For krypton, the anode flow rate was varied
from 40-90 sccm across the same voltage range of 200-600 V. Due to difficulties
achieving reliable ignition below 90 sccm, argon testing was restricted to higher flow
rates: for one channel configuration the range was 90-150 sccm, while all other
configurations were tested between 110-150 sccm. In the case of argon, the discharge
voltage range was limited to 200-500 V because instability or discharge powers
reaching the 4.2 kW test limit prevented operation at higher voltages.



132 Chapter 5. Southampton Test Campaign

B 0 0 ]

2000 2500 3000 3500

Channel cross-sectional area, mm?
h=8.0 mm, d=70.0 mm h=10.0 mm, d=68.0 mm

h=12.5 mm, d=65.5 mm
ID=62mm ID=58mm ID=53mm
OD=78mm OD=78mm OD=78mm
30.0
E
£ 0.0
>
-30.0 1

A=1759.3 mm? A=2136.3 mm* A=2572.2 mm?
T T T T

h=10.0 mm, d=72.0 mm h=12.0 mm, d=70.0 mm

y (mm)

A=2261.9 mm? A =2638.9 mm? A=3074.8 mm?*
T T T T

h=12.5 mm, d=74.5 mm h=14.5 mm, d=72.5 mm h=17.0 mm, d=70.0 mm
ID=62mm ID=58mm
OD=87mm

ID=53mm
OD=87mm | OD=87mm .~ |
30.0 A

& N
S I\

= A=3302.6 mm*
T

-30.0 0.0 30.0

X (mm)

0.0

y (mm)

-30.0 1

A'=2925.6 mm*
T

-30.0 0.0 30.0

X (mm)

™ A=3738.5 mm*
T

-30.0 0.0 30.0

X (mm)
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FIGURE 5.21: Measured thrust across all SPT configurations and propellants. Both

anode power and thrust error bars are shown. Anode power uncertainties are de-

rived from the standard deviation of voltage and current over the averaging range,

while thrust uncertainties are calculated from the calibration procedure described in
Sec. 5.6.3.

The operational envelope for testing was constrained by several factors. Firstly, at low
mass flow rates, the envelope was limited by the ability to ignite and sustain a plasma.
Secondly, operation at high voltages was also limited by plasma stability. Thirdly, the
maximum input power was capped at 4.2 kW due to concerns over excessive thermal
loading. This power limit was rarely reached except during argon operation, where
higher number densities (and therefore higher discharge currents) were required to
ignite and sustain the discharge. Finally, at certain high-voltage conditions,
experienced in several channel configurations, excessive asymmetric heating of the
discharge channel was observed. This phenomenon will be discussed in greater detail
in Sec. 5.9.6. When such heating was detected, testing was suspended until the
thruster channel was no longer emitting in the visible spectrum. Although this heating

did not appear to significantly alter performance, its root cause remains unknown.

Top-level performance values for xenon are as follows: The maximum thrust was
115.25 mN (£0.59 mN), recorded at 400 V, 60 sccm, and 3.7 kW in the “+2, +1” channel
configuration. The peak specific impulse was 2422.8 s (+18.3 s), achieved at 600 V,

30 sccm, and 2.7 kW in the same “+2, +1” configuration. The maximum anode
efficiency reached was 34.71 % (£0.63 %), observed at 600 V, 30 sccm, and 2.7 kW in

the “+2, +0” channel configuration.

Top-level performance values for krypton are as follows: The maximum thrust was
109.4 mN (+0.58 mN), recorded at 400 V, 80 sccm, and 3.7 kW in the “+2, +1” channel
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configuration. The peak specific impulse was 2809.1 s (£17.8 s), achieved at 600 V,
50 sccm, and 3.3 kW in the same “+2, +1” configuration. The maximum anode
efficiency reached was 35.8 % (£0.46 %), observed at the same condition and
configuration as the peak specific impulse.

Top-level performance values for argon are as follows: The maximum thrust was
81.75 mN (£0.54 mN), recorded at 300 V, 130 sccm, and 3.7 kW in the “+2, +1” channel
configuration. The peak specific impulse was 2537.2 s (£24.7 s), achieved at 500 V,

90 sccm, and 3.3 kW in the “+1, +2” configuration. The maximum anode efficiency
reached was 24.8 % (£0.31 %), observed at 400 V, 110 sccm, and 3.7 kW in the “+2, +0”

channel configuration.

The thrust versus power results for all tested configurations, grouped by anode
propellant, are shown in Fig. 5.21. This figure illustrates the overall performance
envelope across all propellants, as well as the imposed 4.2 kW power ceiling. While
this plot provides a useful overview, it does not highlight the modular nature of the
thruster, where each channel configuration exhibits distinct performance trends and
discharge characteristics. To illustrate these differences, Fig. 5.22 presents thrust
versus anode power for each channel configuration as separate subplots. The
arrangement of these subplots is described in the thruster geometry grid in Fig. 5.20
and described in Sec. 5.9.1.1. It is clear from Fig. 5.22 that different channel geometries
yield distinct thrust and power ranges for each propellant. From Fig. 5.22 it can be
seen how some configurations, “+2, +0” and “+2, +1”, achieve higher thrusts and

could be operated to higher powers.

To highlight the small amount of uncertainty and error within the thrust and power
measurement the error bars can be seen added to Figs. 5.21-5.22. It is hard to
distinguish as the error bars are smaller than the markers used in most cases. As a
result of this low error all other plots within this section error bars are omitted for the
sake of readability.

As seen in Fig. 5.23, the overall efficiency of the thruster in the large vacuum facility at
the University of Southampton was relatively low. Without access to plasma
diagnostics, it is difficult to identify the source of the specific mechanism of the
efficiency loss, though facility-dependent factors are likely. Nevertheless, comparison
between the three propellants and nine channel geometries remains meaningful and
forms the focus of the discussion in this section.

One of the key objectives of this thesis was to enhance alternative propellant
performance at high discharge voltages and to investigate the relationship between
channel geometries and overall thruster performance. Illustrated in Fig. 5.23, the
variation of thrust-to-power ratio against anode specific impulse is shown for each
propellant and discharge voltage (propellants share colour, and voltages share

markers). Whilst both derived values, from measured thrust and delivery power due
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to the relationship between thrust-to-power, specific impulse and anode efficiency,
Eq. 1.1, it is possible to draw lines of constant efficiency on Fig. 5.23. These factors
make this type of performance plot very insightful to understand performance and

operational envelope.

As can be seen from Fig. 5.23, it is evident that at higher discharge voltages, and for
certain channel geometries, krypton performance can be significantly enhanced, in
some cases even outperforming xenon under the same conditions. In particular, the
“+2,+0” and “+2, +1” channel configurations demonstrated the best krypton
performance and are therefore of particular interest.
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X AR200 X Ki200 ¥ K400 e Kr 600 + Xe 300 A Xe, 500
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FIGURE 5.24: Anode specific impulse versus anode power for the “+0, +0” and
“+2, +1” channel configuration, grouped by propellant and discharge voltage.

Increasing discharge voltage was also found to increase the specific impulse across all
channel configurations. This behaviour is expected, as higher discharge voltages

correspond to larger ion acceleration potentials in Eq. 2.18.

It is also noteworthy that argon was able to achieve specific impulses comparable to
xenon and krypton at lower discharge voltages. This effect is most evident in the

“+0, +0” configuration, where argon achieved specific impulse values at 400 V
equivalent to those of krypton and xenon operating at 600 V. However, while the

“+0, +0” configuration yielded the lowest overall performance, higher efficiency
configurations did not exhibit the same degree of enhancement for argon as observed
for krypton. Nevertheless, argon was still able to provide comparable specific impulse

at approximately 100 V lower discharge voltage in other configurations.

To better illustrate the effect of channel geometry, the “+2, +1” and “+0, +0” channel
configurations are highlighted in Fig. 5.24, where specific impulse is shown against
anode power for each propellant and discharge voltage. The “+2, +1” configuration
corresponds to a mean channel diameter of 67.5 mm with a channel width of 14.5 mm,
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while the “+0, +0” configuration corresponds to a mean channel diameter of 70 mm
and a channel width of 8 mm. Comparing these cases therefore isolates the impact of
increasing channel width and reducing mean diameter under otherwise identical
voltage and flow conditions. This geometric change represents a 78 % increase in
channel cross-sectional area, which has a direct influence on the observed

performance trends for xenon, krypton, and argon.

Through comparing the two configurations in Fig. 5.24, it can be seen that for argon
the “+2, +1” configuration exhibits higher anode power and specific impulse than the
“+0, +0” case under the same voltage and flow conditions. This indicates that a larger
fraction of the propellant is being ionised, leading to higher discharge current and
greater thrust production. The increase in power draw is on the order of 200-300 W,
while the corresponding rise in specific impulse is approximately 400-500 s. This
improvement is also reflected in anode efficiency which can be seen in Fig. 5.23 but
these two configurations are isolated in Fig. 5.25, where the anode efficiency for argon
increases by roughly 10 % between the two configurations.

Anode propellant : Group anode voltage, V

X Ar, 200 X Kr, 200 ¥ Kr, 400 ®  Kr, 600 +  Xe, 300 A Xe, 500
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FIGURE 5.25: thrust-to-power ratio versus anode specific impulse for the “+0, +0” and
“+2, +1” channel configuration, grouped by propellant and discharge voltage.

For krypton, the power draw at lower voltages (200 V-400 V) remains largely
unchanged between the two configurations, while the specific impulse increases for
“+2,+1”. This suggests that, for the same ionisation rate, ions in the “+2, +1” channel
geometry are either accelerated more axially or accelerated to higher velocities.
Unfortunately, it is not possible to identify the specific source of the increased specific
impulse without plume diagnostics. Furthermore, at higher voltages (400-600 V), both
power and specific impulse increase, indicating enhanced ionisation in addition to
improved acceleration efficiency. Xenon follows a similar trend to krypton, though the

performance differences between the two channel geometries are less pronounced.
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Anode propellant : Group anode voltage, V
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FIGURE 5.26: thrust-to-power against anode specific impulse for each tested propel-

lant and anode voltage in the configurations of constant mean diameter of 70 mm

(“+0, 407, “+1, 41”7, and “+2, +2”). Here iso-lines have been applied to represent lines
of constant anode efficiency.

Interestingly, in both configurations xenon and krypton exhibit very similar behaviour,
with krypton providing a higher specific impulse at elevated voltages. One possible
explanation is that at high voltages xenon, owing to its lower ionisation energy and
larger ionisation cross-section, produces a greater proportion of multiply charged ions,
which depreciates performance. Moreover, as shown in Fig. 5.23, krypton achieves
equivalent or even higher anode efficiencies than xenon at greater specific impulses in
the “+0, +27, “+2, +0”, “+2, +1” and, “+2, +2” configurations. These observations are
consistently associated with high anode voltages in the range of 500-600 V.

Across the three configurations of constant mean diameter (“+0, +0”, “+1, +17,
“+2,+2”) xenon achieved a maximum thrust of 100.8 mN, a peak specific impulse of
2360 s, and a maximum anode efficiency of 33.5 %. Krypton produced a maximum
thrust of 90.7 mN, a peak specific impulse of 2440 s, and an efficiency of 30.3 %, in
some cases matching or exceeding xenon performance at elevated voltages. Argon,
while constrained by higher ignition thresholds and lower efficiency, reached a
maximum thrust of 77.6 mN, a peak specific impulse of 2245 s, and a maximum
efficiency of 24.1 %. These results highlight the potential of krypton as a competitive
alternative to xenon, particularly at high discharge voltages, while also demonstrating
that argon can deliver comparable specific impulse at reduced voltages despite lower

overall efficiency.

The effect of channel width was evident across all propellants. The narrowest

configuration “+0, +0” (channel width of 8 mm) produced the lowest performance but
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allowed argon to achieve specific impulse values at 400 V comparable to xenon and
krypton at 600 V. The intermediate “+1, +1” (channel width of 12 mm) configuration
represented the peak, of this subset, thrust and efficiency for krypton and xenon,
while the widest “+2, +2” configuration (channel width of 17 mm) whilst still
enhanced performance compared to the “+0, +0” configuration shows a reduced
operational envelope and lower peak anode efficiency for xenon and krypton.
However, the “+2, +2” configuration showed a high general increased krypton
performance across its range, with the reduced envelope limiting the peak achievable.
In general, xenon and krypton exhibited similar behaviour, though krypton benefited
more strongly from increased channel width, while argon showed less sensitivity to

geometry but remained competitive in specific impulse at reduced voltages.
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FIGURE 5.27: Anode current draw against anode discharge voltage for xenon,

grouped by anode mass flow rate.
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5.9.3 Xenon Performance Trends

FIGURE 5.29: The SHARK-600V operating on xenon in the large vacuum chamber
facility in the David Fearn Electric Propulsion Laboratory.

Xenon operation within the SHARK-600V thruster provided a broad operating
envelope, with stable discharges sustained even at relatively low anode mass flow
rates. Ignition on xenon was achieved with relative ease. The I-V characteristics for
each configuration are shown in Fig. 5.27. At higher discharge voltages, the operating
envelope narrows for configurations that combine increased channel width with
larger mean diameter (lower left of the grid), and these cases exhibit steep rises in
anode current with voltage, particularly at high flow rates. By contrast, configurations
with smaller mean diameter (upper right of the grid) maintain a wider high-voltage
envelope.

Although the “+0, +0” configuration spans a wide I-V range, its performance is
comparatively poor: it delivers the lowest specific impulse and efficiency at each
voltage across the power range (see Fig. 5.28). In general, performance improves with
increasing channel width and decreasing mean diameter, culminating in the “+2, +0”
configuration, which provides the highest anode efficiency among the xenon cases.

5.9.3.1 Xenon: Effect of Channel Width

By isolating the primary diagonal (top left to bottom right) of the configuration grid,
the effect of altering the channel width for a constant mean diameter can be assessed.
The configurations “+0, +0”7, “+1, +1”, and “+2, +2” all have a mean diameter of

70 mm, with channel widths of 8 mm, 12 mm, and 17 mm, respectively. The specific
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Group anode voltage, V : Configuration
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FIGURE 5.30: Comparison of anode specific impulse against anode power for xenon
across channel width configurations (“+0, +0” vs. “+1, +1” vs. “+2, +2”), grouped by
discharge voltage.
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FIGURE 5.31: Comparison of anode efficiency against anode power for xenon across
channel width configurations (“+0, +0” vs. “+1, +1” vs. “+2, +2”), grouped by dis-
charge voltage.

impulse across the tested power range for these configurations is shown in Fig. 5.30.
Across the full power range, it is clear that increasing the channel width enhances
performance. This trend is consistent with Eq. 3.32, where the plasma
volume-to-surface-area ratio is proportional to channel width. Larger channel widths
are expected to reduce plasma—wall interactions, thereby decreasing power losses to

the channel walls.
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However, as seen in Fig. 5.27, the “+2, +2” configuration exhibits a reduced
operational envelope at higher voltages. Consequently, in Fig. 5.31, the “+1, +1”
configuration outperforms the others at high voltages but at lower voltages the
“+2,+2” configuration enhances efficiency. An additional observation from Fig. 5.31 is
that for the “+0, +0” configuration, the anode efficiency plateaus once the discharge
voltage exceeds 300 V, whereas the wider channel configurations continue to show
enhanced performance at higher voltages. However, at the one flow rate (20 sccm)
that was able to sustain operation at 600 V in the “+2, +2” configuration, the anode
efficiency was significantly lower than that of “+1, +1” and even slightly lower than

the “+0, +0” configuration.

5.9.3.2 Xenon: Effect of Channel Mean Diameter

It is particularly useful to compare the diagonal pairs of configurations (lower left to
upper right in the grid plot in Fig. 5.20), as in the cases of “+0, +1” versus “+1, +0”,
and “+1, +2” versus “+2, +1”. These pairs share the same channel width but differ in

channel mean diameter.

Firstly, “+0, +1” and “+1, +0” both have a channel width of 10 mm, but mean
diameters of 72 mm and 68 mm, respectively. Across the power range, there is little
difference in the measured specific impulse, with “+0, +1” achieving marginally
higher values. This becomes clearer in Fig. 5.32, where the two configurations are
directly compared. The specific impulse is nearly identical across the full operating

regime.

However, Fig. 5.33 shows that the anode efficiency is consistently higher for “+0, +1”,
the configuration with the greater mean diameter, with two exceptions. At 300V,
when the anode power exceeded 2 kW, the “+1, +0” configuration outperformed the
larger mean diameter case. Similarly, at 600 V the “+1, +0” configuration, although not
operated to higher powers, exhibited greater efficiency than “+0, +1” at approximately
1.5 kW.

Now considering the second case of equal channel width, the “+1, +2” and “+2, +1”
configurations, which both have a channel width of 14.5 mm but mean diameters of
72.5 mm and 67.5 mm, respectively. Fig. 5.34 shows the specific impulse, where only
slight differences are observed between the two mean diameters. In contrast to the

10 mm channel width case, here with a channel width of 14.5 mm, the smaller mean
diameter case (“+2, +1”) demonstrates enhanced performance, although the
improvement in specific impulse is modest. By contrast, the anode efficiency
comparison in Fig. 5.35 reveals a much clearer disparity: the smaller mean diameter
configuration significantly outperforms the larger across the entire power range. This
performance gap, however, diminishes at higher voltages.
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FIGURE 5.32: Comparison of anode specific impulse against anode power for xenon
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FIGURE 5.33: Comparison of anode efficiency against anode power for xenon across
channel mean diameter configurations (“+1, +0” vs. “+0, +1”), grouped by discharge

voltage.

5.9.3.3 Xenon: Max Performance Grid

Here we introduce a new plot type: the max performance grid. In this format, each

major subplot corresponds to a single operating point defined by anode voltage
(x-axis) and anode mass flow rate (y-axis). Within each subplot, the grid mirrors the
channel configuration layout as shown in Tab. 5.2, with the individual cell values

representing the measured performance for that condition. Where multiple

measurements were taken, the cell value corresponds to their mean. To highlight
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FIGURE 5.34: Comparison of anode specific impulse against anode power for xenon

across channel mean diameter configurations (“+1, +2” vs. “+2, +1”

discharge voltage.

Group anode voltage, V : Configuration

"), grouped by

X 200:+1,+2 X 300:+1,+2 X 400:+1,+2 X 500:+1,42 600 : +1, +2
+  200:+2,+1 +  300:+2,+1 +  400:+2,+1 +  500:+2,+1 600 : +2, +1

324

304

Anode efficiency, %
[~
f=)}
H

500 1000 1500 2000 2500 3000 3500
Anode power, W

4000

FIGURE 5.35: Comparison of anode efficiency against anode power for xenon across
channel mean diameter configurations (“+1, +2” vs. “+2, +1”), grouped by discharge

voltage.

trends, a heat map is applied to each subplot, visually emphasising the higher

performing configurations.

For xenon, the thrust-to-power ratio performance grid can be seen illustrated in

Fig. 5.36. In this plotting configuration, some general trends can be observed. Firstly,

at low voltages, the channel configuration does not significantly impact performance,

with most configurations for xenon at 200 V and 300 V resulting in similar

thrust-to-power ratios. In the 300 V case, some clearer distinctions begin to emerge

between good and poor performing configurations, with the “+2, +1” configuration
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resulting in the maximum thrust-to-power ratio (with the sole exception of the

30 sccm case, where it is very close to the maximum). At higher voltages, a greater
disparity between the best and worst configurations starts to appear, with the “+2, +0”
configuration achieving the highest thrust-to-power ratio. This increasing voltage and
widening difference likely result from higher plasma temperatures and energies,

which cause increased losses in low efficiency configurations.

The same trend is visible in Fig. 5.37, where the same plot structure is used but with
the anode efficiency shown. Here the low voltages show a larger performance gap
between configurations, with a clear enhancement of efficiency with wider channel
widths as well as a slight enhancement with reduced mean diameter. Another way to
conceptualise these plots is considering the inner and outer diameters of the channel.
Here x-axis “+0”, “+1” and “+2” represent decreasing the inner diameter and the
y-axis “+0”, “+1” and “+2” represent increasing the outer diameter. For the 200 V
condition regardless of the flow rate increasing both the inner and outer diameter
separately or together enhance performance, whilst this trend is absent at the other

voltage conditions.

The effect of higher voltages resulting in reduced operational envelope for some
configurations is also more apparent where fewer configurations were able to sustain
operation. For the 500 V condition, the maximum thrust-to-power was measured
consistently in the “+2, +0” configuration, whilst the maximum anode efficiency was
recorded in the “+2, +1” configuration, with the exception of the 20 sccm and 30 sccm
cases. Interestingly, the 20 sccm case saw the “+2, +0” configuration have a
middle-range anode efficiency compared to the other channel geometries. This is also
seen at the 600 V 20 sccm case, where the “+2, +0” configuration is on the lower end of
measured efficiencies.

For high voltage operation, performance is greatly enhanced with decreasing mean
channel diameter or slightly increasing the mean channel diameter without increasing
the channel width. This could suggest that moving the plasma closer to either the
inner or outer plot enhances performance. However, increasing the channel width
decreases the neutral number density to a point where it negatively impacts
performance. Hence, performance is enhanced for similar channel widths with either

greater or smaller channel mean diameters.
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Anode mass flow rate, sccm
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5.9.4 Krypton Performance Trends

FIGURE 5.40: The SHARK-600V operating on krypton in the large vacuum chamber
facility in the David Fearn Electric Propulsion Laboratory.

Krypton operation within the SHARK-600V showed good performance with the
highest specific impulses recorded across all other tested propellants. The operational
envelope of the thruster showed sensitivity to channel configuration as can be seen in
Fig. 5.38 where the bottom row of configurations (representing increase outer channel
diameter) showed reduced envelope at high voltages for most of the flow rates tested.
This trend is absent in the top row where the largest operational I-V envelope was
recorded for the “+2, +0” channel configuration. However, whilst the operation
envelope in terms of I-V is reduced, as can be seen in Fig. 5.39 high specific impulse,
and anode efficiency, was still achieved in these configurations. Although higher

performance was still recorded in the other configurations.

Interestingly, whilst configuration “+0, +0” and “+1, +0” have near identical I-V
characteristics in Fig. 5.38 the specific impulse for “+1, +0” exceeds that of “+0, +0”
across the power range.

5.9.4.1 Krypton: Effect of Channel Width

Once again, isolating the primary diagonal (top left to bottom right) of the
configuration grid allows assessment of the effect of channel width at constant mean
diameter. The configurations “+0, +0”, “+1, +1”, and “+2, +2” all share a mean
diameter of 70 mm and have channel widths of 8 mm, 12 mm, and 17 mm,
respectively.
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The krypton specific impulse versus anode power for increasing channel width is
shown in Fig. 5.41. The trends broadly mirror those observed for xenon. Notably, the
“+0, +0” configuration sustained operation to higher voltages, but this did not
translate into improved performance: it delivered consistently lower specific impulse
across the power range. A standout feature is the high-voltage behaviour of “+1, +1”

at 600 V, which achieved specific impulses in excess of 2400 s at an anode power of

approximately 2.3 kW.
Group anode voltage, V : Configuration
X200 :+0,+0 X300 :+0,+0 X400 :+0,+0 X500 :+0, +0 600 : +0, +0
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Y 200:+2,+2 Y 300:+2,+2 Y 400:+2,+2 Y 500:+2,+2
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FIGURE 5.41: Comparison of anode specific impulse against anode power for kryp-
ton across varying channel width configurations (“+0, +0” vs. “+1, +1” vs. “+2, +27),
grouped by discharge voltage.

Anode efficiency trends in Fig. 5.42 are similar: increasing channel width generally
enhances efficiency. The “+0, +0” configuration remains comparatively flat with
power, and unlike the wider channels shows no meaningful efficiency increase
between 400 V and 600 V. By contrast, the “+1, +1” configuration exhibits an efficiency
rise of roughly 7.5 % between 500 V and 600 V.

Overall, while increasing channel width tends to improve performance as can be seen
in Figs. 5.41-5.42, the incremental gain in anode efficiency between “+1, +1” and
“+2,+2” diminishes at high voltages, most clearly at 500 V. However, the “+1, +1”
configuration at 500 V was able to sustain lower power operation than the “+2, +2”

configuration.

5.9.4.2 Krypton: Effect of Channel Mean Diameter

Similarly for krypton it is also of interest to compare the diagonal pairs of
configurations (lower left to upper right in the grid plot in Fig. 5.20), as in the cases of
“+0, +1” versus “+1, +0”, and “+1, +2” versus “+2, +1”. These pairs share the same
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FIGURE 5.42: Comparison of anode efficiency against anode power for krypton across
varying channel width configurations (“+0, +0” vs. “+1, +1” vs. “+2, +2”), grouped by
discharge voltage.

channel width but differ in channel mean diameter. Firstly, “+0, +1” and “+1, +0” both
have a channel width of 10 mm, but mean diameters of 72 mm and 68 mm,
respectively. Secondly, the “+1, +2” versus “+2, +1” both have a channel width of

14.5 mm and a channel mean diameter of 72.5 mm and 67.5 mm, respectively.

Firstly, comparing the 10 mm channel width and, 72 mm and 68 mm mean channel
diameters (“+0, +1” versus “+1, +0”). Comparing the specific impulse against the
tested power range can be seen in Fig. 5.43. The specific impulse difference between
the two channel configurations is subtle with the larger mean diameter offering
slightly higher specific impulse in all conditions. This is with the exception of the

300 V case where the two channel configurations offer identical specific impulse. In
opposition to the xenon case, the difference between the two configurations is greater

at higher voltages, suggesting greater sensitivity to channel geometry.

Continuing the 10 mm channel width and, 72 mm and 68 mm mean channel
diameters (“+0, +1” versus “+1, +0”) comparison, Fig. 5.44 compares the anode
efficiency against anode power for the two mean channel diameters. Here a greater
disparity between the performance of these two configurations can be seen. Across the
whole power and voltage range it is clear that the 72 mm channel mean diameter case
provides increased performance. However, this efficiency gain is small at
approximately 1 to 2 % at anode voltages 200 V to 500 V, with the largest difference
being at the 600 V case with an efficiency increase of approximately 4 to 5 %. Whilst a
small increase, the difference between the two channel configurations is 4 mm of the

mean diameter, again suggesting significant sensitivity to channel geometry.
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FIGURE 5.43: Comparison of anode specific impulse against anode power for krypton
across channel mean diameter configurations (“+1, +0” vs. “+0, +1”), grouped by
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discharge voltage.

Group anode voltage, V : Configuration
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FIGURE 5.44: Comparison of anode efficiency against anode power for krypton across
channel mean diameter configurations (“+1, +0” vs. “+0, +1”), grouped by discharge

voltage.

Comparing the “+1, +2” versus “+2, +1” case, which corresponds to a 14.5 mm

channel width and mean diameters of 72.5 mm and 67.5 mm respectively, shows the

opposite trend. The specific impulse for both channel configurations across the tested
voltages and power range can be seen in Fig. 5.45. Here the reduced operational

envelope of the “+1, +2” case can be seen. The smaller mean diameter case was able to

be operated to higher powers at all discharge voltages above 200 V. Furthermore, the

difference in specific impulse between the two channel configurations is small across

the full range. However, the “+2, +1” configuration generally provided higher specific
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impulse, with the exception of the 50 sccm case at 200 V, 300 V, and 400 V, where the
72.5 mm mean diameter configuration outperformed the 67.5 mm configuration.

Group anode voltage, V : Configuration
X 200:+1,+2 X 300:+1,+2 X 400:+1,+2 X 500:+1,+2 600 : +1,+2
+ 20042, +1 + 30042, +1 + 40042, +1 + 50042, +1 600 : +2, +1
27501
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FIGURE 5.45: Comparison of anode specific impulse against anode power for krypton
across channel mean diameter configurations (“+1, +2” vs. “+2, +1”), grouped by
discharge voltage.

Continuing the comparison of the “+1, +2” and “+2, +1” configurations, the anode
efficiency over the tested power range is shown in Fig. 5.46. A similar trend is
observed, with the “+2, +1” case generally outperforming the larger mean diameter
configuration. However, apart from the 300 V condition, the increase in anode
efficiency is very small yet consistent. The largest discrepancy between the two
configurations occurs at the higher voltages, with both the 500 V and 600 V cases
showing efficiency gains of approximately 4-5 % for the 67.5 mm mean diameter

configuration compared with the 72.5 mm case.

5.9.4.3 Krypton: Max Performance Grid

Here the performance is shown in a different form, with the explanation for the plot
structure provided in Sec. 5.9.3.3. Figs. 5.47-5.48 add context to the comparison
between the “+0, +1” and “+1, +0” channel configurations discussed in Sec. 5.9.4.2.
While in that direct comparison the larger channel mean diameter appeared to offer
superior performance, when all channel configurations are considered together it
becomes clear that both “+0, +1” and “+1, +0” consistently rank among the lowest
performing cases, generally only slightly exceeding the “+0, +0” configuration, which
represents the poorest performance across the board.

The general performance trends offered by Figs. 5.47-5.48 are more consistent than the

same analysis for xenon, where the highest performing configurations are normally
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Group anode voltage, V : Configuration
X 200:+1,+2 X 300:+1,+2 X 400:+1,+2 X 500:+1,+2 600 : +1,+2
+ 20042, +1 + 30042, +1 + 40042, +1 + 50042, +1 600 : +2, +1

Anode efficiency, %

500 1000 1500 2000 2500 3000 3500 4000
Anode power, W

FIGURE 5.46: Comparison of anode efficiency against anode power for krypton across
channel mean diameter configurations (“+1, +2” vs. “+2, +1”), grouped by discharge
voltage.

the larger channel widths with a slight preference for smaller mean channel diameters
at the high voltage conditions. For 40 sccm and 50 sccm conditions specifically, the
larger mean diameter cases are still high performing. This trend does not hold for
higher flow rates and higher voltages where the smaller mean channel diameter
configurations are consistently higher performing, if by only a few percent of anode
efficiency.

At low voltages (200 V and 300 V), the channel configuration still has strong influence
on krypton performance, with most cases having a large range of thrust-to-power
ratios and anode efficiency. As the discharge voltage increased, there is less
distinctions between several of the configurations, with wider channel configurations
consistently offering superior performance. In particular, at 500 V the “+2, +1” and
“+2,+0” configurations provided the highest efficiencies, while narrower channels
such as “+0, +0”, “+0, +1” and “+1, +0” consistently ranked lowest.

The operational envelope at higher voltages was also reduced for krypton, with some
wider channel configurations unable to sustain stable operation above 400 V.
Moreover, larger mean channel diameter configurations above 60 sccm and above
300 V failing to sustain operation. Nevertheless, the remaining configurations
maintained consistent trends, with wider channels generally outperforming. The
distinction is especially clear at 600 V, where the”+2, +1” configuration achieved the

highest efficiency.
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Anode mass flow rate, sccm
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FIGURE 5.49: Anode current draw against anode discharge voltage for argon, grouped
by anode mass flow rate.
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FIGURE 5.50: thrust-to-power ratio verses specific impulse for argon, grouped by dis-

charge voltage.
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5.9.5 Argon Performance Trends

FIGURE 5.51: The SHARK-600V operating on argon in the large vacuum chamber
facility in the David Fearn Electric Propulsion Laboratory.

Argon exhibited the smallest operational envelope of the three propellants tested, as
can be seen with the I-V characteristics in Fig. 5.49. This outcome is not unexpected, as
relatively high volumetric flow rates are required to achieve sufficient mean free paths
for ionisation. For example, largest argon flow test of 150 sccm corresponds to

4.46 mg/s, which is actually less than the 4.88 mg/s corresponding to a krypton flow
of 50 sccm. However, due to the lower atomic mass of argon, this mass flow translates
into a significantly larger number of neutral atoms than for krypton. These higher
neutral number densities in turn drive larger discharge currents. Consequently,
operation with argon demanded significantly higher discharge powers than xenon or
krypton, frequently approaching the 4.2 kW testing power limit imposed.

Only the “+1, +2” channel configuration was characterised with a mass flow rate of

90 sccm, this was due to the other configurations not sustaining a stable plasma at

200 V for this flow rate such it was not tested to other voltages. Interestingly, this is the
only condition that was able to achieve voltages in excess of 400 V, with the 90 sccm
case being tested up-to 500 V. Whilst this improved envelope as seen in Fig. 5.49 for
the “+1, +2” channel configuration attain higher specific impulse as seen in Fig. 5.50,
due to the higher voltages achieved, other channel configurations such as “+2, +1”
was able to attain higher specific impulse at 400 V anode voltage suggesting the whilst

the envelope of “+1, +2” is enhanced the performance is not.

From Fig. 5.50 a strong relation between channel dimensions and performance can be
seen. Here performance can be seen to generally improve moving left to right along
the top two rows, for increasing channel width and decreasing channel mean

diameter.
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5.9.5.1 Argon: Effect of Channel Width

For argon, isolating the primary diagonal (top left to bottom right) of the
configuration grid allows assessment of the effect of channel width at constant mean
diameter. The configurations “+0, +0”, “+1, +1”, and “+2, +2” all share a mean

diameter of 70 mm, with channel widths of 8 mm, 12 mm, and 17 mm, respectively.

The argon specific impulse versus anode power for increasing channel width is shown
in Fig. 5.52. The general trends broadly mirror those observed for xenon and krypton.
However, at 200 V the wider configurations exhibit a reduction in specific impulse
with increasing power, while the “+0, +0” configuration shows improvement over the
same range. This behaviour does not persist at 300 V and 400 V. At 400 V, the “+1, +1”
configuration provides the highest specific impulse among this subset, reaching
approximately 2200 s at a discharge power approximately 400 W lower than the
corresponding “+0, +0” case.

Group anode voltage, V : Configuration
X 200:+0,+0 X 300:+0,+0 X400 :+0,+0
+ 200:+1,+] + 300:+1,+1 +  400:+1,+1
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FIGURE 5.52: Comparison of anode specific impulse against anode power for argon
across channel width configurations (“+0, +0” vs. “+1, +1” vs. “+2, +2”), grouped by
discharge voltage.

Considering the anode efficiency for increasing channel width with argon, some
unique behaviour appears. For xenon, the “+2, +2” channel configuration was
generally the most efficient across all operating conditions, with the exception of the
500 V and 600 V cases. Krypton followed a similar trend, with the “+2, +2”
configuration again providing the highest efficiency at constant mean diameter, except
for one 500 V condition and the inability of this configuration to sustain operation at
600 V.

For argon, however, the behaviour diverges. The highest anode efficiency is achieved

at 300 V in the “+1, +1” configuration, with a significant reduction in performance
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when moving to the wider “+2, +2” channel. Nevertheless, at 200 V the “+2, +2”
configuration still outperforms the narrower cases, although its efficiency drops
steeply at higher powers (i.e., higher flow rates). Once again, the “+2, +2” channel
configuration fails to operate at higher voltages, mirroring krypton’s behaviour, but
this limitation occurs at 400 V for argon instead of 600 V as in the krypton case.
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FIGURE 5.53: Comparison of anode efficiency against anode power for argon across
channel width configurations (“+0, +0” vs. “+1, +1” vs. “+2, +2”), grouped by dis-
charge voltage.

5.9.5.2 Argon: Effect of Channel Mean Diameter

For argon, it is again of interest to compare diagonal pairs of configurations, namely
“+0, +1” versus “+1, +0” and “+1, +2” versus “+2, +1” (lower left to upper right in the
grid plot in Fig. 5.20). These pairs maintain the same channel width but differ in mean
channel diameter. The first pair, “+0, +1” and “+1, +0”, both have a channel width of
10 mm with mean diameters of 72 mm and 68 mm, respectively. The second pair,

“+1, +2” and “+2, +1”, both have a channel width of 14.5 mm with mean diameters of

72.5 mm and 67.5 mm, respectively.

Beginning with the 10 mm channel width case, the comparison of anode specific
impulse against anode power between “+0, +1” and “+1, +0” is shown in Fig. 5.54.
Here, the specific impulse difference between the two channel configurations is minor
across the operating range. At lower voltages, the smaller mean diameter case

(“+1, +0”) appears to plateau, whereas the larger mean diameter case (“+0, +1”)

continues to increase. Interestingly, the larger mean diameter case shows slightly
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enhanced performance, which is the opposite of the trends observed for krypton and

xXenon.

These differences become more apparent when considering anode efficiency, as shown
in Fig. 5.55. The 72 mm mean diameter case offers an efficiency increase of 0.5-3 % at
200 V and 300 V, and a more significant increase of approximately 5 % at 400 V. This
again supports the observation that argon performance is increasingly sensitive to
channel geometry at higher voltages. Overall, the larger mean diameter case (72 mm)
offers a measurable performance benefit as the discharge voltage is increased.
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FIGURE 5.54: Comparison of anode specific impulse against anode power for argon
across channel mean diameter configurations (“+1, +0” vs. “+0, +1”), grouped by
discharge voltage.
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FIGURE 5.55: Comparison of anode efficiency against anode power for argon across
channel mean diameter configurations (“+1, +0” vs. “+0, +1”), grouped by discharge

voltage.
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Now considering the 14.5 mm channel width case for the “+1, +2” and “+2, +1”
channel configurations, which have mean diameters of 72.5 mm and 67.5 mm,
respectively. The comparison of their specific impulse against anode discharge power
is shown in Fig. 5.56. Here, the difference between the two channel configurations is
more pronounced than in the “+0, +1” versus “+1, +0” case. This arises because the
wider channel width enhances overall performance, thereby making the effect of mean
channel diameter a stronger driver of performance. In this case, the smaller mean
diameter (“+2, +1”) provides a clear advantage, achieving the same specific impulse as
the larger mean diameter case (“+1, +2”) at approximately 100 V lower anode voltage.
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FIGURE 5.56: Comparison of anode specific impulse against anode power for argon
across channel mean diameter configurations (“+1, +2” vs. “+2, +1”), grouped by
discharge voltage.

The impact of this enhanced specific impulse is mirrored in Fig. 5.57, where the

“+2, +1” configuration achieves significantly higher anode efficiencies across the full
operating range. The performance gap in Fig. 5.57 is more pronounced than in the
corresponding xenon and krypton cases. Another noteworthy observation is that the
“+2, +1” configuration operated at higher discharge currents than the “+1, +2” case,
suggesting that the 5 mm reduction in mean channel diameter substantially increased
ionisation efficiency. This resulted in both more thrust-producing ions and greater
discharge current. However, the efficiency gap between the two configurations
narrows at higher voltages.

5.9.5.3 Argon: Max Performance Grid

Here the performance is shown in a different form, with the explanation for the plot
structure provided in Sec. 5.9.3.3. Similarly to the krypton analysis, Figs. 5.58-5.59 add
context to the comparison between the “+0, +1” and “+1, +0” channel configurations
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FIGURE 5.57: Comparison of anode efficiency against anode power for argon across
channel mean diameter configurations (“+1, +2” vs. “+2, +1”), grouped by discharge
voltage.

discussed in Sec. 5.9.5.2. While in that direct comparison the larger channel mean
diameter appeared to offer slightly superior performance, when all channel
configurations are considered together it becomes clear that both “+0, +1” and

“+1, +0” consistently rank among the lower-performing cases. Their performance is
generally comparable to, or only marginally better than, the “+0, +0” configuration,

which represents the poorest performance across the set.

It is also apparent from Figs. 5.58-5.59 that argon shows increased sensitivity to
channel geometry, with fewer configurations producing high performance. In contrast
to xenon and krypton, which showed broader ranges of effective geometries and only
slight preferences for wider channels and smaller mean diameters, argon
demonstrates a much narrower set of favourable conditions. High performance is
only observed in configurations that combine a smaller mean channel diameter with a
wider channel width. Moreover, the “+2, +2” configuration, which was often among
the highest performance configurations for krypton, consistently performed poorly
with argon, further highlighting the propellant’s stronger dependence on channel
geometry.
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FIGURE 5.60: A photo of the thruster captured after the plasma was extinguished
manually due to overheating concerns where the boron nitride channel is emitting in
the visible wavelength due to high temperatures.

5.9.6 Anomalous Behaviour

Throughout testing at high voltages several operating conditions resulted in
significant asymmetric heating of the channel. This occurred on all propellants and
configurations, however the operational point at which this would occur for each
configuration and propellant was different showing geometry dependency. The
channel is made from boron nitride (BN). Specifically, BN99 a grade of boron nitride
that has > 98.5 % BN with B,O3 binder which per supplier information is rated for
operation up to 2400 °C.

5.9.7 Thruster with Anode-Layer Configuration

The initial testing of the SHARK-600V in the anode-layer configuration was conducted
early in the campaign. As a result, the full DAQ system described in Sec. 5.7 was not
employed. This reduced the ease of operation and introduced greater uncertainty into
the measurements. Furthermore, the data were collected at relatively low powers
compared to the main test campaign, since these trials were intended primarily to
verify that the thruster could operate in the TAL mode at all. Consequently, the results
from these tests are not directly comparable to the bulk of the SPT performance data
presented in Secs. 5.9.2-5.9.5. This is also the reason why all test data presented for
TAL operation were obtained exclusively with krypton propellant.

As with the SPT configuration of the SHARK-600V, which allowed for multiple
channel arrangements, the anode-layer configuration also permitted variation. As

discussed in Sec. 4.2, four different TAL configurations were designed, defined by
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FIGURE 5.61: The TAL-1 configuration operating at approximately 1.3 kW on krypton
within the large vacuum chamber facility at the University of Southampton.

varying the length of the anode sheaths. However, due to the initial operational
difficulties and generally poor performance observed in TAL mode, only two of these
configurations were tested, as shown in Fig. 4.2. These were the “TAL+1"” and
“TAL-1" configurations, corresponding to anode tip distances from the thruster exit
plane of —0.5 mm and 5.5 mm, respectively. Here, negative values indicate that the
anode tip extends past the magnetic front of the thruster.

5.9.7.1 TAL: Experimental Results

It is well established that thrusters with anode-layers tend to exhibit lower operational
stability than their SPT counterparts [194]. This behaviour was seen during testing,
where the SHARK-600V proved more difficult to operate in the TAL configuration
with only a few operational points being capable of achieving stable operation at
meaningful voltages (>200 V).

A key issue encountered during TAL operation was the increased thermal loading of
the anode. This outcome was expected to some extent, due to the higher plasma
temperatures in TAL operation, combined with the anode’s extension closer/into the
region of peak magnetic field, provided a more favourable path for electrons to reach
the anode, and thereby increased the electron current. Despite these challenges, the
SHARK-600V was successfully operated in the TAL configuration within the large
vacuum chamber facility at the University of Southampton, albeit within a limited
operating envelope.
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FIGURE 5.62: Anode efficiency for the two TAL configurations tested against anode
power grouped by krypton flow rate in sccm and anode configuration.

When compared with the SPT operation shown in Fig. 5.40 from Sec. 5.9.4, the TAL
discharge in Fig. 5.61 exhibited a stronger purple glow for krypton. This emission is
qualitatively associated with doubly charged ions, indicating higher plasma
temperatures as expected in TAL operation. However, without plume diagnostics, this
observation remains qualitative only.

5.9.7.2 TAL: Performance

Performance data were collected with the “TAL+1” anode prior to its failure, after
which the “TAL-1” configuration was tested. In this latter configuration the anode
was positioned further from the region of peak magnetic field in order to reduce
thermal loading. The best performance of the TAL configurations was obtained with
the “TAL-1" case, as shown in Fig. 5.62. In particular, Fig. 5.63 shows that the “TAL-1”
configuration achieved modest specific impulse, which is relatively unimpressive due
to the significantly lower flow rates achieved with TAL configurations.

The TAL+1 configuration, although tested less extensively, produced comparable
performance at lower powers. A direct comparison of the “TAL+1” and “TAL-1"
configurations is shown in Fig. 5.62. The 6 mm reduction in anode length significantly
improved stability, enabling “TAL-1" to sustain operation at higher powers. However,
while “TAL-1" was able to reach higher powers than the “TAL+1" configuration, these
conditions were attained only at very low flow rates compared to the performance
shown in Sec. 5.9.4. This is likely due to the significantly increased electron currents to
the anode in the TAL configurations as a result of reduced electron confinement. This
effect appears to be a major driver of the observed poor performance.
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FIGURE 5.64: Thrust against anode power for the “TAL-1” configurations grouped by

krypton flow rates.

The TAL configurations demonstrated the ability to operate at lower flow rates than

the magnetic-layer configurations. However, this was not accompanied by

comparable specific impulse or anode efficiency. As shown in Fig. 5.64, the apparent

efficiency advantage of the “TAL-1" configuration over the “TAL+1"” configuration

does not correspond to a practically useful operating mode. In particular, the thrust

performance of the 30 sccm case in Fig. 5.64 was completely flat. Here, the discharge

current increased with voltage without a corresponding increase in performance,

suggesting that the higher applied voltage did not translate into increased plasma

potential but instead extracted more electrons to the anode without producing

higher-velocity ions.
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FIGURE 5.65: Thermal radiation from the anode in the “TAL-1" configuration follow-
ing 1.5 kW operation.

A. Normal operation. B. Onset of melting. C. Post-melting.

FIGURE 5.66: “TAL+1" firing at 1.3 kW where excessive thermal loading of the anode
caused localised melting of the stainless-steel sheaths.

Even in the “TAL-1" configuration, the anode reached very high temperatures, as
illustrated in Fig. 5.65, where the latent heat following a 1.5 kW discharge caused
visible thermal radiation.

5.9.7.3 TAL: Notable Events

Initial testing employed the “TAL+1"” anode. This configuration pushes the anode
through the region of peak magnetic field. This resulted in several instances of
localised melting of the stainless-steel anode sheath, as shown in Fig. 5.66.

Fig. 5.66a shows operation at 1.3 kW and 300 V just before the onset of melting. In

Fig. 5.66b the anode surface has liquefied, forming a bead that extended further into
the plasma, producing an anode rich exhaust. Finally, Fig. 5.66¢c captures the aftermath
after the discharge was shut down, with residual latent heat visible. The aftermath of
the melting event can be seen in Fig. 5.67 once the chamber was brought back to
atmosphere.
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FIGURE 5.67: The “TAL+1” metallic anode after high thermal load conditions. The
image shows the post-operation state and the resultant structural failure after melting,
observed once the chamber was returned to atmosphere.

5.9.7.4 TAL: Conclusion

In summary, the TAL tests demonstrated low performance operation in this
configuration and suffered from severe thermal loading and reduced efficiency
compared to the SPT configuration. The stability of the “TAL-1" configuration
indicates a path forward, particularly with the use of refractory metal anodes, but
further plume diagnostics are required to fully characterise the performance gap.

510 Experimental Campaign Discussion

The SHARK-600V campaign represents the first systematic characterisation of a
modular Hall effect thruster across nine channel geometries and three noble gas
propellants without alteration to the experimental set-up. Operating up to 600 V for
xenon and krypton, and 500 V for argon, this study provides a dataset that enables
investigation of the effects of discharge channel geometry, operating voltage, and
propellant type on thruster performance. For these tests, thrust was measured directly
using a thrust balance. From the thrust data, the specific impulse, anode efficiency,
and thrust-to-power ratios were calculated using the recorded operational parameters.
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Across all propellants, the specific impulse increased with increasing discharge
voltage. This behaviour is expected, as a higher anode voltage increases the plasma
potential and accelerates the ions to greater velocities. Lighter propellants produced
higher specific impulses when operated in efficient configurations. The highest
specific impulse recorded was for krypton, reaching 2809 s at 600 V, with an anode
flow rate of 50 sccm, and anode power of 3.3 kW. Argon also achieved comparably
high values, with a peak of 2537 s at 500 V, 90 sccm, and 3.7 kW. Xenon achieved a
maximum specific impulse of 2423 s at 600 V, 30 sccm, and 2.7 kW.

While all three propellants demonstrated the expected scaling of specific impulse with
discharge voltage, efficiency and stability were found to be strongly dependent on the
discharge channel geometry and propellant type. Certain configurations, notably
“+2,+1” and “+2, +0”, consistently provided the highest anode efficiency and
thrust-to-power ratios across multiple propellants, particularly at elevated voltages.
Conversely, the “+2, +2” configuration, often suffered from reduced stability at high
voltages, limiting their operational envelope despite offering good performance at
lower discharge voltages. Whilst, the “+2, +1” and “+2, +0” configuration had channel
widths of 12.5 mm and 14.5 mm respectively, the “+2, +2” configuration with a
channel width 2.5 mm greater than “+2, +1” saw a drastic reduction in stability at high

voltages and generally lower performance.

These results highlight both the potential and the limitations of using alternative
propellants in Hall effect thrusters. Krypton, when operated in favourable geometries
at high voltages, can not only match but in some cases surpass xenon in both
efficiency and specific impulse. Argon, although less efficient overall, demonstrated
the ability to reach comparable specific impulse to xenon and krypton at lower
discharge voltages, Fig. 5.23. However, this required significantly higher volumetric

flow rates and discharge powers, narrowing its practical operating envelope.

Channel width emerged as the dominant geometric driver for performance and
stability. Increasing width enhanced performance in terms of both specific impulse
and anode efficiency, attributed to reduced wall losses via an increased plasma
volume-to-surface area ratio. Nevertheless, the widest configuration (“+2, +2”)
frequently exhibited reduced stability at higher voltages, demonstrating the existence
of an optimal range of channel width. Furthermore, this configuration showed
significantly reduced performance for operation on argon. In contrast, the narrow
channel width of the “+0, +0” configuration produces a much larger
surface-area-to-volume ratio, which increases electron-wall and ion-wall collisions
and reduces beam current efficiency. Additionally, the higher neutral number
densities present in this configuration raise the frequency of neutral-neutral collisions,

further diminishing electron confinement.
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Increasing the channel width also has the effect of moving the plasma closer to the
magnetic poles. This likely enhances electron confinement at the extremes, as the field
gradient towards the walls is greater within the channel, thereby increasing the
magnetic mirroring effect that reflects electrons back into the plasma. This observation
is consistent with earlier findings by Dannenmayer [167] for a 200 W class Hall effect
thruster, the “PP1” (French acronym for “Petit Propulseur Innovant).

The mean channel diameter acted as a second-order control, with its influence most
apparent at high discharge voltages. Smaller mean diameters, such as the “+2, +1”
configuration, consistently yielded improved performance for krypton and argon at
500 V and 600 V, while xenon exhibited weaker sensitivity. This behaviour suggests
that the optimisation of ionisation and acceleration regions relative to the channel
boundaries is propellant dependent. One possible explanation is that reducing the
mean diameter moves the plasma closer to the central magnetic pole, where the
magnetic field gradient between the channel centreline is stronger than between the
centreline and the outer pole. This gradient may enhance electron confinement
through magnetic mirroring, producing the observed gains. However, this trend is not
replicated in the “+2, +2” configuration, where both poles are closer to the plasma, but
the channel is at its widest. In this case, the performance falls once the channel width
exceeds an optimal value. The weaker magnetic gradient at the outer pole may also
limit further confinement improvements, preventing compensation for the
performance losses associated with excessive channel width. This could potentially
also explain the generally lower performance of the greater mean channel diameter
configurations. However, without plume diagnostics that could identify the dominant
efficiency loss mechanism in each configuration it is hard to make conclusive

arguments.

The SHARK-600V operated in the TAL configuration only within a narrow envelope,
with frequent thermal limitations and unstable behaviour compared to the SPT mode.
The increased electron current to the anode, driven by reduced electron confinement,
led to excessive heating and in some cases structural failure of the metallic sheaths.
While the “TAL-1" variant offered improved stability over “TAL+1", its performance
was constrained to low flow rates and poor efficiency. In contrast, the SPT mode
demonstrated broader operational stability and more consistent scaling with input
power, underscoring the relative maturity of SPT design. Previously literature has
shown that TALs can be operated to reasonable efficiency and without plasma and
thermal instabilities [195, 196]. These results suggest that the poor performance
observed here stems less from inherent drawbacks of the TAL concept and more from
the configuration choices applied to the SHARK-600V.
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511 Gaussian Process Regression Model of SHARK-600V

Highly dimensional systems such as Hall effect thrusters are hard to describe solely
with standard plots as there is high level of interdependency that can be obfuscated
when presenting data. This is exacerbated with the SHARK-600V as we add
additional dimensions to the data with channel width and channel mean diameter.
One such method to extract meaningful results from these datasets is the development
of models from experimental data. These methods have been previously applied to
electric propulsion in the form of machine learning or computation surrogate models
[161, 197-200].

One such model that has been recently applied to Hall effect thrusters is Gaussian
Process Regression (GPR). This is a highly adaptable method, capable of producing a
surrogate model of any quantifiable aspect of thruster operation from a set of input
parameters and a moderate dataset size. The application of this method to the
operation of Hall effect thrusters was first introduced to the author in a conversation
with Dr. Peter Thoreau who has successfully used this method for real-time modelling
and thruster-in-loop optimisation [201]. The application to the dataset from the
SHARK-600V thruster offers a deep insight into how channel dimension affect
thruster performance as well as allow for investigation of untested geometry that are
within or close to the tested values. Together with this model the performance data for
each propellant can then be used to infer optimal channel geometry and can be
compared to the scaling results.

5.11.1 Gaussian Process Regression

Originally developed for sea-floor prospecting of precious metal, GPR is a Bayesian
approach to regression that places a probability distribution over functions rather than
assuming a fixed parametric form, like linear regression [202, 203]. The key benefits
that GPR offers over other surrogate models are that it can handle high-dimensional
datasets and provide predictions with an estimated uncertainty. The model replaces
physics-based models with a black-box method; this is especially useful here due to

the lack of a comprehensive physics model for Hall thruster operation.

The model requires a set of inputs (i.e., anode voltage, anode mass flow rate, channel
width, etc.) for a single output value (i.e., thrust, anode current, etc.). To obtain other

outputs, a separate model is trained.

Gaussian Process Regression models a system as a distribution over functions.
Observations of the system at different input parameters are treated as samples from a
joint multivariate Gaussian, with a covariance structure defined by a kernel function.
The kernel encodes assumptions about smoothness, continuity, and behaviour. Using
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the observed data, the GPR predicts outputs at new input values by computing the
posterior distribution, which combines the prior assumptions with the data to give
both a mean prediction and an uncertainty estimate [204]. In a Gaussian process
regression, we assume our output y to be defined as a function of a vector of inputs x
such that

y(x) = f(x) +e, (5.8)

where x is the input vector of our system (specifically: x = [Uy, 114, h, d]), and € is the
noise which is assumed normal, such that € ~ N'(0,¢?). This is similar to other
regression models that assume our measurement consists of an independent “signal”
function and a noise term. The uncertainty regarding f(x) can be reduced by
observing the output of the function at different input points. The noise term e reflects
the inherent randomness in the observations, which is always present no matter how

many observations we make.

Gaussian process regression is a Bayesian method, meaning that it treats the
underlying function f(x) as a random variable with a probability distribution.
Predictions are made by updating prior beliefs about the function with observed data
according to Bayes’ theorem, the namesake of the Bayesian approach. Formally, for a
set of training inputs X; with corresponding outputs y;, the posterior distribution over
functions is given by

P(y: | f, Xe) P(f | Xe)

IP(f ’ Xt,Yt) = IP(yt ’ Xt) 7

(5.9)

where P(f | X;) represents the prior distribution over functions, defined by the
training inputs and the kernel assumptions; P(y; | f,X;) is the likelihood, describing
the probability of observing the training outputs given a specific function f;

P(f | X, y¢) is the posterior distribution, reflecting the updated belief about the
function after observing the training data; and P(y; | X;) is the marginal likelihood,

which serves to normalize the posterior.

In the context of the SHARK-600V dataset, the input vector x; = [Uy ;,11,, i, hi, d;]
defines the operating condition of the thruster i, and the output y; corresponds to a
measurable performance metric such as thrust, anode efficiency, or anode current.
Here X; is the matrix of all training input vectors, with each row corresponding to one
experimental condition of the SHARK-600V thruster, such that

Ugr 11 o dy
Ugp 1iz2 hy  da

X; = (5.10)

Usn Ttitgn hy dn
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Bayes’ theorem ensures that the GPR combines prior knowledge encoded by the
training data with the experimental observations to produce both a predicted mean
and an uncertainty estimate for each output at any new input condition.

The Gaussian process regression gets its name from assuming this f(x) can be
approximated with a Gaussian process such that

f(x) ~ GP(m(x), k(x, X')). (5.11)

A Gaussian process GP is a distribution over a function and is defined by a mean
m(x), which represents the expected value, E[ ], of the function at x, such that
m(x) = E[f(x)], and a covariance function k(x, x’). The covariance function models

the dependency between the function values at different input points x and x’

k(x, x') = E|(f(x) —m(x)) (f(x') —m(X))]| . (5.12)

The covariance function in GPR is commonly referred to as the kernel. The
mathematical description of the covariance function can be chosen for the specific
application, such as smoothness or expected trends or patterns. However, here we
used the radial basis function that implies the correlation between two points decays
with distance between them. The radial basis function provides an expressive kernel
to model smooth and stationary functions, such that similar inputs would result in
similar outputs. This gives our kernel definition of

k(x, x') = 0'% exp < — HXZ_/\)Z(/HZ> . (5.13)
This function introduces two hyper-parameters: A, the “length-scale”, and UJ%, the
signal variance. Each element of the input vector x has its own length scale. As can be
seen from Eq. 5.13, the length scale encodes sensitivity to each element within the
input vector. Large length scales imply that the function f(x) is relatively insensitive,
and conversely, small length scales imply high sensitivity.

The Gaussian Process model contains hyper-parameters in its kernel function, these
control the smoothness, sensitivity, and overall amplitude of the function and must be
chosen to reflect the behaviour of the training data X;, y;. Rather than selecting them
manually, GPR optimises the hyper-parameters by maximizing the log marginal
likelihood of the observed outputs given the inputs.

With this kernel description (Eq. 5.13), and measured performance f(x;) at the
operating point x;, the mean and the standard deviation can be estimated from a
dataset of thruster operating conditions, channel geometry and performance,

{x1, ..., Xu}, and their performance, {f(x1), ..., f(xn)}. Here, the mean and standard
deviation given by the surrogate model are the predicted value and uncertainty at that
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operating point. Here we use the data collected earlier within this chapter to form a
surrogate model of thruster performance per propellant tested as a function of
operating conditions (anode mass flow rate and anode voltage) and channel

dimensions (channel mean diameter, and channel width).

This is not a comprehensive description of GPR modelling as that is outside the scope
of this thesis. For a deeper and generalisable description of GPR the reader is directed
to Schulz, Speekenbrink, and Krause [204].

5.11.2 Gaussian Process Regression Model Training

Separate Gaussian process regression models were trained for each propellant (xenon,
krypton, and argon) and each output parameter (thrust, specific impulse, anode
current, and anode efficiency) using the experimental data from the SHARK-600V
campaign, the size of the training and test datasets for each propellant can be seen in
Tab. 5.3. The training process maximises the log marginal likelihood of the observed
outputs given the inputs. However, this optimisation can converge to local maxima
and fail to identify the global optimum if insufficient training data are used or too few

random restarts are performed.

To validate each model, a subset of the experimental data was withheld from the
training set to serve as a test sample of unseen data. This enables quantification of the
model error on data not used during training, providing a measure of validation. As
shown in Fig. 5.68, the relative uncertainty of the model decreases and stabilises once
a sufficient number of training points are provided.

TABLE 5.3: Dataset sizes used for training and testing the GPR surrogate models for
each propellant.

Propellant ‘ Total dataset size Training dataset size Test dataset size

Xenon 498 398 100
Krypton 544 435 109
Argon 171 136 35

5.11.2.1 Model Training Results

Once trained, each model was validated against a dataset of unseen experimental
points to evaluate its ability to predict performance for configurations outside the
training set. The size of the test dataset represents a trade-off: too large a test set leaves
insufficient data for effective training, while too small a test set reduces the statistical
significance of the validation results. One advantage of GPR models is their ability to
maintain reasonable accuracy even with relatively small training datasets. This is
illustrated in Fig. 5.68, where the mean relative error for all model outputs falls below
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FIGURE 5.68: Mean relative error of the Gaussian process regression model for xenon

as a function of the number of training samples used. For each training data size,

ten independent models were trained using different randomly selected training sets

and evaluated on separate randomly selected test data (100 for xenon). The error bars

represent the standard deviation of the relative error, while the shaded region indicates
the 95% confidence interval across the ten models.

5% once approximately 100 training points are used. The corresponding results for

krypton and argon are presented in Appendix B.

An additional consideration in model development is the number of optimisation
restarts required to ensure convergence to a global optimum. To determine a sufficient
number of restarts for stable output, a similar analysis was undertaken, the results of

which are shown in Fig. 5.69.

The Root Mean Squared Error (RMSE) is a standard measure of the average deviation

of predictions 7J; from the true outputs y; over n samples

RMSE = (vi— )% (5.14)

S| =

n
i=1

To provide a dimensionless measure of error relative to the variability of the dataset,
we define the Coefficient of Variation of the RMSE, denoted as CV(RMSE), by
normalizing the RMSE with the standard deviation of the true outputs o,

RMSE
Oy

CV(RMSE) = x 100%, (5.15)

where 0y, = \/ Loyt (i — y‘)z and 7 is the mean of the true outputs. CV(RMSE)
provides an error metric that accounts for the spread of the data, making it more
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FIGURE 5.69: Mean relative error of the Gaussian process regression model for xenon
as a function of the number of optimisation restarts. For each restart value, ten in-
dependent models were trained using different randomly selected training sets (com-
prising 80% of the samples) and evaluated on separate randomly selected test data.
Each model was evaluated using the same number of test points (the remaining 20%
of the samples). The error bars represent the standard deviation of the relative error,
while the shaded region indicates the 95 % confidence interval of the relative error
across the ten models.

comparable across different outputs or datasets.

TABLE 5.4: Statistical results of the Gaussian Process Regression test set for xenon
dataset against the trained model. Here R? is the coefficient of determination, RSME,
is the root mean square error between the tested values and the model predictions,
RMSE %mean is the RMSE relative to the mean value of test value, and the CV(RMSE)
is Coefficient of Variation of the RMSE and is mathamatically described in Eq. 5.15.

Target R? RMSE RMSE %mean CV(RMSE)
Thrust, mN 0.9990 0.7434 1.36% 3.18%
Anode current, A 0.9993 0.0592 1.22% 2.58%
Anode I, s 0.9974 19.6957 1.29% 5.12%
Anode efficiency, % | 0.9751  0.6233 2.45% 15.78%
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TABLE 5.5: Statistical results of the Gaussian Process Regression test set for krypton
dataset against the trained model. Here R? is the coefficient of determination, RSME,
is the root mean square error between the tested values and the model predictions,
RMSE Y%mean is the RMSE relative to the mean value of test value, and the CV(RMSE)
is Coefficient of Variation of the RMSE and is mathamatically described in Eq. 5.15.

Target R? RMSE RMSE Y%mean CV(RMSE)
Thrust, mN 0.9990 0.6326 1.06% 3.19%
Anode current, A 0.9997 0.0418 0.63% 1.85%
Anode I5p, s 0.9974 21.5951 1.37% 5.10%
Anode efficiency, % | 0.9877  0.4798 2.13% 11.08%

TABLE 5.6: Statistical results of the Gaussian Process Regression test set for argon
dataset against the trained model. Here R? is the coefficient of determination, RSME,
is the root mean square error between the tested values and the model predictions,
RMSE Y%mean is the RMSE relative to the mean value of test value, and the CV(RMSE)
is Coefficient of Variation of the RMSE and is mathamatically described in Eq. 5.15.

Target R? RMSE RMSE Y%mean CV(RMSE)
Thrust, mN 0.9971 1.0213 1.69% 8.59%
Anode current, A 0.9987 0.0636 0.62% 3.59%
Anode Iy, s 0.9930 32.0227 1.88% 8.37%
Anode efficiency, % | 0.9735 0.5323 2.89% 16.28%
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FIGURE 5.70: Geometry map of the channel configurations from Tab. 5.2 shown in the
same format as subplots in Figs. 5.71-5.73.

5.11.3 Gaussian Process Regression Model of SHARK-600V Performance

The Gaussian process regression model developed for the SHARK-600V enables
continuous interpolation across the geometric dimensions of the thruster, allowing
performance predictions for both tested and untested channel configurations. This
model facilitates visualisation of thruster performance in a manner similar to the
discrete grids shown in Figs. 5.36-5.37, Figs. 5.47-5.48, and Figs. 5.58-5.59. However,
unlike the discrete experimental grid, the GPR model enables continuous
interpolation between tested channel dimensions and extrapolation beyond them,
providing insight into potentially optimal geometries not directly examined during

the experimental campaign.

The GPR model predictions for anode efficiency for xenon, krypton, and argon are
illustrated in Figs. 5.71-5.73. Each subplot within the array corresponds to a specific
combination of anode voltage and anode mass flow rate, with the major axes
representing the thruster geometry parameters: channel width (horizontal) and mean
channel diameter (vertical). The tested thruster geometries are overlaid on the figures;
these points correspond to those shown in Fig. 5.70, which has the same axis
dimensions as the subplots shown in Figs. 5.37, 5.48, and 5.59. The colour maps show
the continuous GPR-predicted anode efficiency across the geometry space, while the
red crosses mark the discrete channel configurations that were experimentally tested.
The associated prediction uncertainty for the results shown in Figs. 5.71-5.73 can be
found in Appendix B.
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An additional point of clarification when comparing these figures is that the channel
configuration array (Tab. 5.2) in the GPR plots is effectively rotated and mirrored
relative to the configuration tables presented earlier. For example, the “+0, +0”
configuration, which appears in the top-left cell of the configuration array in Tab. 4.1,
is located at the leftmost position along the middle horizontal axis in the GPR figures.
This is further illustrated in Fig. 5.70.

One caveat of the GPR model becomes apparent when comparing Figs. 5.37, 5.48, and
5.59 to Figs. 5.71-5.73: the model allows for evaluation at operating points that were
not obtainable during experiments due to plasma instabilities, failure to ignite, or
thermal limitations. As this information cannot be encoded into the model, the
predictions cannot be used without caution. The GPR model only learns the curvature
of the tested parameter space and does not account for the existence of “unobtainable”
operating points. This limitation is implicitly reflected in the large uncertainties
produced when evaluating the model at these points. The prediction uncertainties
corresponding to Figs. 5.71-5.73 are presented in Appendix B, in Figs. B.5-B.7. In these
tigures, the uncertainty can be seen to increase in the top-right subplots, conditions
that exceeded the power limitations of the system and for which no experimental data
exist. The model attempts to interpolate to these regions, but with increased
uncertainty, as it does not implicitly know that these operating points were
unobtainable.

The results of these plots further illustrate the conclusions from the direct analysis of
the thruster’s performance, namely that channel width is a first-order driver of
performance, whereas mean channel diameter acts as a second-order control with
increased importance at higher anode voltages. This is unsurprising, as the GPR
representation merely provides a continuous interpolation of the same data used to

form the prior analysis.
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FIGURE 5.71: Array of Gaussian process regression model for xenon, showing anode efficiency as a function of channel width (horizontal axis)
and mean channel diameter (vertical axis) for each voltage and flow rate combination. Each subplot presents a continuous heat map with overlaid
iso-lines of constant anode efficiency. Red crosses indicate the discrete channel configurations experimentally tested.
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5.11.4 Scaling Implications

Using the Gaussian process regression model, a continuous smooth function that
approximately describes the performance of the SHARK-600V thruster was produced.
With the addition of a gradient-based optimiser, it becomes possible to search the
model parameter space, enabling the evaluation of “optimal” geometries that were
not directly tested for xenon, krypton, and argon. However, the ability of the model to
extrapolate far beyond the tested ranges is limited, as the GPR uncertainty grows
significantly once the predicted point lies far from training data of the experimentally
measured values. Furthermore, this method does not account for experimental biases
in the data, such as the relatively small test dataset for argon. This limitation is
reflected in the high uncertainty at untested values; nevertheless, the optimiser will

tend to favour results that lie within the bounds of the dataset.

To compare with the scaling results from Chapter 3 in Sec. 3.6, several operating
points are of particular interest. First, the original thesis target: 600 V at 1.35 kW for
krypton. Second, the adjusted values based on the updated scaling results with the
improved database: 600 V at 2.5 kW on krypton. The same comparison can be made
for xenon, and with this dataset, estimates for argon can also be produced—something
the scaling methodology could not achieve due to a lack of experimental data.
However, the 1.35 kW case for argon carries significant uncertainty, as argon operation
was limited to higher powers, with only one tested operating point at 1.2 kW in a
single channel configuration. Furthermore, other conditions could be explored, such
as 1.35 kW at 300 V, the operating condition of the SPT-100, as this is a
well-documented thruster used in the scaling analysis.

1.35 kW and 600 V

To begin this analysis, the GPR model predictions for xenon at 1.35 kW and 600 V are
compared with the scaling results in Tab. 5.7. This table presents the optimal channel
dimensions and operating conditions identified by the GPR model alongside the
scaling results from Chapter 3, with the relative error calculated with respect to the

scaling values.

As shown in Tab. 5.7, the optimiser was only able to find a configuration for xenon
that satisfied the 1.35 kW and 600 V operating point within the performance dataset of
the SHARK-600V. Although xenon was not originally considered in the scaling
comparison, the scaling method can still be applied to this configuration with greater
confidence due to the larger number of xenon Hall effect thrusters present in the
database. Comparing the GPR results with the semi-empirical scaling method for
xenon at 1.35 kW and 600 V reveals close agreement. The mean channel diameters are

very similar, with an approximate difference of 5 mm between the predicted channel
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TABLE 5.7: Comparison of GPR-predicted optimal geometry and performance against

the semi-empirical scaling methodology as described in Chapter 3 for the updated

database for xenon at 600 V and 1.35 kW. Percentage differences are calculated as rel-

ative error of the GPR model with respect to the scaling result. No feasible GPR solu-
tions were found for krypton or argon at this operating point.

Parameter ‘ GPR Optimal ‘ Scaling Results | Rel. Error,%

Geometry and Flow Rates

Channel width, mm 12.5 7.4 +68.9
Mean channel diameter, mm 65.4 64.3 +1.7
Channel length, mm 6.5

Anode mass flow rate, mg/s 1.92 2.5 —23.2
Anode mass flow rate, sccm 19.7 25.6 —-23.0
Predicted Performance

Thrust, mN 409+0.6 60.4 —-32.3
Anode specific impulse, s 21659 £17.8 2314.4 —6.4
Anode efficiency, % 319+0.5 54.5 —41.5
Anode power, W 1366.1 £11.7 1350.0 +1.2

widths. This is a notable result, given that the semi-empirical method represents an
aggregate of several high-performing xenon thrusters tested across multiple facilities,
whereas the GPR model is derived from a single thruster operating in one facility,
which yielded below-average anode efficiency. Furthermore, the specific impulse
predicted by the two methods is very similar; however, given that specific impulse is
strongly driven by discharge voltage, as shown in Eq. 2.18, this close agreement is not

unexpected.

1.35 kW and 300 V

For the 1.35 kW, 300 V condition, the GPR model was able to identify optimal results
for xenon, krypton, and argon within the trained dataset. The GPR predictions are
shown in Tab. 5.8, with each column corresponding to a different propellant. As the
scaling model cannot be applied to argon due to the lack of experimental data in the
literature, Tab. 5.9 presents and compares the results for xenon and krypton only.

Comparison of the GPR-optimised configurations for the 1.35 kW, 300 V condition in
Tab. 5.8 with the semi-empirical scaling results in Tab. 5.9 reveals both the capability
and the context-dependent nature of the GPR model. For xenon, the GPR model
predicts an optimal mean channel diameter of 69.7 mm and channel width of

12.0 mm, whereas the scaling method suggests a larger mean diameter of 90.9 mm and
a narrower width of 10.5 mm. For krypton, the GPR model yields a mean diameter of
67.5 mm and width of 14.5 mm, compared to the scaling method’s 73.0 mm and

16.9 mm, respectively.
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TABLE 5.8: GPR-predicted optimal geometries and performance for xenon, krypton,
and argon at 300 V and 1.35 kW.

Parameter ‘ Xenon ‘ Krypton ‘ Argon
Optimal Geometry and Flow Rates

Channel width, mm 12.0 14.5 14.4
Mean channel diameter, mm 69.7 67.5 72.7
Anode mass flow rate, mg/s 3.6 3.1 2.0
Anode mass flow rate, sccm 37.2 50.0 68.0
GP-Predicted Performance

Thrust, mN 494 4+0.5 48.2 1+ 0.6 329433
Anode specific impulse, s 1383.0 £16.4 | 1578.9 £18.0 | 15704 +£77.7
Anode efficiency, % 255+0.5 27.6 £0.5 169+14
Anode power, W 1350.0 £13.7 | 1350.0 £ 13.0 | 1350.0 == 47.9

TABLE 5.9: Results of the semi-empirical scaling methodology for xenon and krypton

at 300 V and 1.35 kW, with relative errors calculated with respect to the GPR-predicted

optima shown in Tab. 5.8. Percentage differences are expressed as (GPR — scaling) /
scaling x100%.

‘ Xenon ‘ Krypton
Parameter ‘ Scaling ‘ Rel. Error, % ‘ Scaling ‘ Rel. Error, %
Geometry and Flow Rates
Channel width, mm 10.5 +14.3 16.9 —14.2
Mean channel diameter, mm 90.9 —23.3 73.0 —-7.5
Channel length, mm 9.6 12.2
Anode mass flow rate, mg/s 5.0 —28.0 3.7 —16.2
Anode mass flow rate, sccm 51.2 —27.3 59.4 —15.8
Predicted Performance
Thrust, mN 85.4 —42.2 73.2 —34.2
Anode specific impulse, s 1636.6 —15.5 1731.4 —8.8
Anode efficiency, % 54.5 —53.2 53.4 —48.3
Anode power, W 1350.0 1350.0

The differences in predicted performance are more pronounced: the scaling method
anticipates anode efficiencies of approximately 54% for both propellants, while the
GPR model, trained exclusively on data from the SHARK-600V operating at the
University of Southampton, predicts efficiencies of 25.5% for xenon and 27.6% for
krypton. This discrepancy underscores a key caveat: the GPR model is inherently
limited to the performance envelope demonstrated by a single thruster in a specific
facility, which in this case yielded below-average efficiencies. In contrast, the
semi-empirical scaling method aggregates data from numerous high-performing
xenon and krypton thrusters tested across multiple facilities, providing a more
generalised and widely applicable design target.

Nevertheless, the GPR model’s strength lies in its ability to identify optimal
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geometries within the empirical dataset. While the discrepancy between the
dimensions from the GPR model and scaling method is greater for this operational
condition, there is still significant agreement, with the channel width within 2 mm of
the scaling prediction for both xenon and krypton, implying that the underlying
scaling methodology is preserved within the SHARK-600V operation at Southampton.

2.5 kW and 600 V

Lastly, the GPR model predictions for xenon, krypton, and argon at 2.5 kW and 600 V
are shown in Tab. 5.10. The GPR model was able to identify optima for each
propellant, with the caveat that the argon result lies far outside the tested envelope, as
the highest tested voltage for argon was 500 V. This results in large model
uncertainties. Similar as the 1.35 kW 300 V case the comparison between the
GPR-model and the scaling result for xenon and krypton is shown in Tab. 5.11 as the
relative error column.

TABLE 5.10: GPR-predicted optimal geometries and performance for xenon, krypton,

and argon at 600 V and 2.5 kW. t+: Argon exhibits large uncertainty in the GPR model
for this operational point due to the flow rate required being much less than the tested

range.

Parameter Xenon ‘ Krypton ‘ Argon?
Optimal Geometry and Flow Rates

Channel width, mm 12.1 10.8 13.7
Mean channel diameter, mm 69.8 70.6 72.8
Anode mass flow rate, mg/s 3.2 2.5 0.7
Anode mass flow rate, sccm 32.8 40.0 23.3
GP-Predicted Performance

Thrust, mN 724+0.6 60.5£0.6 412 +£217
Anode specific impulse, s 2311.5+17.8 | 2380.4 =19.8 | 2245.1 +-455.7
Anode efficiency, % 33.5+05 29.7£0.7 18.3+4.0
Anode power, W 2500.0 £19.3 | 2500.0 +17.3 | 2500.0 £ 1001.0

Comparison of the GPR model “optimised” configurations at 2.5 kW and 600 V in
Tab. 5.10 with the semi-empirical scaling results in Tab. 5.11 reveals several notable
trends. For xenon, the scaling method predicts an optimal mean channel diameter of
87.5 mm, a value substantially above the tested range of mean diameters for the
SHARK-600V (65.5-74.5 mm). This geometry therefore lies outside the domain in
which the GPR model, trained exclusively on experimental data from this thruster, is
capable of making reliable predictions. The GPR-optimised xenon configuration
instead converges on a mean diameter of 69.8 mm, which falls comfortably within the
tested range, potentially representing a local maximum accessible within the

experimental campaign. For xenon, the channel width predictions show larger
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percentage difference: the GPR model predicts a width of 12.1 mm compared to the
scaling method’s 10.1 mm (+4-19.8%).

TABLE 5.11: Comparison of semi-empirical scaling methodology results with GPR-
predicted optima for xenon and krypton at 600 V and 2.5 kW. Percentage differences
are calculated as the relative error of the GPR model with respect to the scaling result.
Argon is excluded from this comparison due to the inability of the scaling method to
be applied to argon. Percentage differences are expressed as (GPR — scaling) / scaling

x100%.

‘ Xenon ‘ Krypton
Parameter ‘ Scaling ‘ Rel. Error, % ‘ Scaling ‘ Rel. Error, %
Geometry and Flow Rates
Channel width, mm 10.1 +19.8 16.0 —32.5
Mean channel diameter, mm 87.5 —20.2 70.0 +0.9
Channel length, mm 6.5 7.6
Anode mass flow rate, mg/s 4.6 —-30.4 34 —26.5
Anode mass flow rate, sccm 47.1 —-30.4 54.8 —-27.0
Predicted Performance
Thrust, mN 111.8 —-35.2 94.1 —35.7
Anode specific impulse, s 2314.4 —0.1 2398.5 —0.8
Anode efficiency, % 54.5 —38.5 51.9 —42.8
Anode power, W 2500.0 2500.0

For krypton, the scaling method predicts a mean diameter of 70.0 mm, which is well
within the SHARK-600V’s tested envelope. Here, the GPR model yields an optimal
mean diameter of 70.6 mm, a difference of just 0.6 mm, corresponding to a relative
error of +0.9%. This close agreement is striking, particularly given that the thruster
was initially scaled for this condition, even if inadvertently. The strong agreement
between the scaling result and the GPR-identified optimum suggests that the scaling
method, despite its reduced number of input thrusters, produced accurate channel
dimensions that have now received experimental validation. However, the channel
width prediction for the GPR width of 10.8 mm which differs from the scaling
method’s 16.0 mm (—32.5%). However, in absolute terms, these differences are
modest, only 5 mm, representing small adjustments in the context of physical

hardware dimensions.

The predicted performance metrics exhibit larger discrepancies, with the GPR model
indicating anode efficiencies of 33.5% for xenon and 29.7% for krypton, compared to
the scaling method’s 54.5% and 51.9%, respectively. This is expected, as the GPR
model reflects the actual performance achieved by the SHARK-600V at Southampton,
which was below the state of the art represented by the scaling database. Notably,
specific impulses still show strong agreement: the GPR prediction for xenon (2311.5 s)
is within 0.1% of the scaling result (2314.4 s), while for krypton the difference is just
0.8%.
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These comparisons highlight the complementary nature of the two methods. The
semi-empirical scaling methodology aggregates data from numerous high-performing
thrusters tested across multiple facilities, providing a generalised design target
applicable to a wide range of Hall effect thrusters. However, it may propose
geometries that lie beyond the practical design space explored in this experimental
campaign. The GPR model, trained exclusively on data from the SHARK-600V
operating at the University of Southampton, is constrained to the tested parameter
space but offers higher fidelity within that domain, capturing the unique

characteristics and performance limitations of this specific thruster and facility.

The closeness of the geometric predictions where comparison is possible, particularly
the near-exact agreement for krypton mean diameter, is therefore noteworthy and
serves as a form of validation. Despite the fundamental differences in their
construction, both methods converge on similar optimal channel dimensions within
the overlapping design space. This suggests that the underlying physical relationships
captured by the scaling method are reflected in the performance landscape of the
SHARK-600V, and conversely, that the GPR model has successfully identified
geometries consistent with broader scaling trends. The GPR model thus offers a
powerful complement to the scaling method: it provides system-specific optimisation
within a constrained experimental envelope, while the scaling method situates these
results within the wider context of the field and points toward potentially optimal

regions beyond the current design space.

5.11.5 Gaussian Process Regression Model Summary

This section has presented a Gaussian process regression model of the SHARK-600V
Hall effect thruster, developed to better illustrate and interrogate the highly
dimensional nature of Hall effect thruster systems. The model constructs a
continuous, smooth function describing thruster performance as a function of four
inputs: anode voltage, anode mass flow rate, channel width, and mean channel
diameter. Separate models were trained for each propellant (xenon, krypton, and
argon) and each output parameter (anode current, thrust, specific impulse, and anode
efficiency), together providing a powerful analysis tool capable of predicting thruster
behaviour with quantified uncertainty. Validation against held-out test data
demonstrated low prediction errors across all outputs, with the anode efficiency
exhibiting the largest uncertainty: CV(RMSE) values of 14.8%, 11.9%, and 15.6% for
xenon, krypton, and argon, respectively.

The model was subsequently used to compare the scaling results from Chapter 3 with
the experimental data obtained from the modular discharge channel of the
SHARK-600V. Despite being derived from a single thruster tested in one facility, and
therefore more susceptible to facility-specific effects, the GPR model identified optimal
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channel dimensions for xenon, krypton, and argon that showed meaningful
agreement with the semi-empirical scaling predictions. This agreement is particularly
significant for krypton at the 2.5 kW, 600 V condition, where the predicted mean
diameters agreed to within 0.6 mm. Such convergence between two fundamentally
different methodologies; one a broad empirical aggregate, the other a narrow but
high-fidelity surrogate of a single system, serves as a form of experimental validation
for the scaling approach, and conversely demonstrates that the GPR model has
successfully captured the underlying physical trends encoded in the data.

For argon, the GPR model provides, to the author’s knowledge, the first directly
“scaled” channel geometry derived from experimental data. The GPR-predicted
optima for argon are shown in Tab. 5.8 and Tab. 5.10, with the 2.5 kW, 600 V case
suffering from large uncertainty. Traditional semi-empirical scaling methods cannot
be applied to argon due to the absence of comprehensive performance data in the
literature. While this result is inherently empirical, coming from purely experimental
data, and cannot be independently verified, being limited by the small argon dataset,
single-facility operation, and the fact that the thruster was not optimised for argon, it
nevertheless represents a novel contribution and offers a preliminary design target for

future argon Hall thruster development.

5.12 Conclusions

This chapter has presented the facilities, auxiliary systems and diagnostics that
enabled a systematic experimental characterisation of a modular Hall effect thruster
across nine discharge channel geometries and three noble propellants, with direct
thrust measurements enabling consistent derivation of specific impulse, anode
efficiency, and thrust-to-power. Across all cases, increasing discharge voltage
increased specific impulse, while performance and stability depended strongly on
channel geometry. Channel width acted as a first order control: wider channels
generally reduced wall losses and improved specific impulse and anode efficiency, but
excessively wide channels reduced the high voltage operability window. Mean
channel diameter provided a second order control that became more influential at
high voltage, with smaller mean diameters frequently improving performance,
particularly for krypton and argon. Among the tested options, the “+2, +1” and

“+2, +0” configurations repeatedly delivered the best high voltage performance,
which correspond to channel width of 14.5 mm, and 12.5 mm and mean channel
diameters of 67.5 mm and 65.5 mm, respectively. Krypton was capable of exceeding
xenon efficiency at higher specific impulse in several high voltage cases, indicating a
credible route for alternative propellants when geometry is tuned. Argon achieved
equivalent specific impulse to xenon at lower voltage but required higher power and
exhibited a narrower stability envelope, with strong sensitivity to geometry. Although
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absolute efficiencies were modest, likely due to facility dependent effects, the relative
trends were robust. These results provide clear guidance for geometry selection in
future designs and motivate targeted diagnostics and lower pressure testing to isolate
the dominant loss mechanisms and further improve efficiency with alternative
propellants at high voltage.

To identify specific plasma interactions that drive the increase and decrease of
efficiency between different channel configurations a comprehensive diagnostic suite
is required. Due to the lack of this capability at the University of Southampton this
motivated the cross-facility testing of the SHARK-600V Hall effect thruster at the
University of Michigan. Due to limited time only the highest performing
configuration “+2, +1” operating on krypton was considered for these tests. Here, the
thruster was operated purely on krypton across the same 200-600 V anode voltage
range, and 40-90 sccm anode mass flow rate range with the same 2 A of current

applied to the electromagnets.

Furthermore, the TAL experiments highlight both the promise and the challenges of
anode-layer operation. The “TAL-1" configuration did achieve modest specific
impulse, but at the cost of severe thermal loading, narrow operating windows, and
efficiency well below that of the SPT configuration. Taken together, the findings
indicate that TAL should not be regarded as inherently inferior to SPT. Rather, the two
approaches are not directly compatible in the same modular architecture of the
SHARK-600V and likely require distinct, tailored design solutions. Future iterations
must therefore treat TAL as a separate optimisation problem, with refractory materials

and configuration-specific tuning.

The Gaussian process regression model developed from the experimental dataset
provided a powerful complement to the discrete-geometry performance analysis. By
constructing a continuous, smooth function describing thruster performance across
the input parameter space, the model enabled interpolation between tested geometries
and extrapolation to untested conditions, subject to quantified uncertainty. Validation
against withheld test data confirmed low model errors across all propellants and
outputs, with the largest uncertainties associated with anode efficiency. Crucially, the
optimal geometries identified by the GPR model showed meaningful agreement with
the semi-empirical scaling predictions from Chapter 3. This convergence was
particularly important for krypton at the 2.5 kW, 600 V condition, the original scaled
thruster condition. Where the predicted mean diameters agreed to within 0.6 mm.
Such alignment between two fundamentally different methodologies, one a broad
empirical aggregate of high-performance thrusters tested at several facilities and the
other a narrow but high-fidelity surrogate of a single system, serves as a form of
experimental validation for the scaling approach, while simultaneously
demonstrating that the GPR model successfully captured the underlying physical
trends encoded in the data. For argon, where conventional scaling methods currently
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cannot be applied due to insufficient literature data, the GPR model provided the first
experimentally derived optimal channel geometry. Although this result remains
inherently empirical and unverified, constrained by the small argon dataset and
single-facility operation, it nonetheless represents a novel contribution and offers a

preliminary design target for future argon Hall thruster development.
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Chapter 6

Michigan Test Campaign

6.1 Introduction

Cross-facility testing of Hall thrusters offers a unique opportunity to investigate both
the intrinsic behaviour of the thruster and the influence of facility-specific effects. By
comparing data collected at multiple sites, it becomes possible to better isolate true
thruster physics.

The University of Michigan’s testing infrastructure is significantly better in terms of
both vacuum chamber pumping and diagnostics capability than the facility available
at the University of Southampton. The Michigan facility offers a state-of-the-art suite
of plasma diagnostics, including tools that were not accessible during testing at
Southampton. Additionally, the vacuum chamber at Michigan the Large Vacuum Test
Facility (LVTF) has a significantly lower base pressure and greater pumping capacity.
These attributes help reduce background gas interactions, enabling more
representative measurements of thruster performance in conditions closer to those

expected in space.

This work would not have been possible without the generous support and
collaboration of the team at the University of Michigan. In particular, I would like to
thank Professor Benjamin Jorns for his support and for hosting the testing campaign,
as well as William Hurley, Tate Gill, and Madison Allen for their help during the
experiments and to the whole team at Michigan who went out of their way on several

occasions to make me feel at home in Ann Arbour.

6.1.1 Funding

Funding for this cross-facility testing was provided by the United Kingdom Space
Agency (UKSA) under the International Bi-lateral Fund (IBF) Phase-2 project “US-UK
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FIGURE 6.1: Photo of Alex D. Gallimore Large Vacuum Facility taken at the University
of Michigan, Ann Arbour (from [81] with permission).

collaboration on the development of Hall thruster spacecraft propulsion.”, specifically
under the deliverable “D4.2: Testing of Southampton Thruster at University of
Michigan”. This project aimed to build understanding about the legal and financial

frameworks enabling future collaboration between international partners.

6.2 Experimental Set-up

In this section we will describe the facilities, the thruster configuration tested and the
cathode that was used during the testing.

6.2.1 Large Vacuum Test Facility

The Alex D. Gallimore Large Vacuum Test Facility (LVTF) is a 6 m long, 9 m diameter
vacuum chamber located at the University of Michigan in Ann Arbor, Michigan, USA
illustrated in Fig. 6.1. The chamber was originally constructed in 1961 for the Bendix
Corporation to support lunar rover testing. It was donated to the University of
Michigan in 1982, where it remained unused until Professor Gallimore revitalised the
facility, going on to found Plasmadynamics and Electric Propulsion Laboratory
(PEPL) in 1992, transforming it into a state-of-the-art electric propulsion laboratory
[205]. Today, the LVTF is the largest vacuum chamber testing facility housed within an
academic institution in the United States.

The LVTF is equipped with 18 cryogenic panels, comprising both commercial and
in-house solutions, and is capable of pumping approximately 500 kL /s of xenon and
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FIGURE 6.2: The SHARK-600V thruster in “+2, +1” channel configurations mounted
in the LVTF at the University of Michigan prior to testing.

600 kL/s of krypton. A detailed description of the chamber and its capabilities is
available in [81, 206].

6.2.2 Thruster Configuration

The thruster configuration chosen for the cross-facility test was the “+2, +1” channel
configurations that corresponded to a mean diameter of 67.5 mm and a channel width
of 14.5 mm, as can be seen in Tab. 6.1. This configuration was chosen due to the largest
operation envelope for krypton seen during the testing undertaken at the University
of Southampton. The thruster mounted on the thrust balance at Michigan prior to

testing can be seen in Fig. 6.2.

TABLE 6.1: Channel width, mm and mean channel diameter, mm for the possible
SPT configuration. Here the chosen configurations for the University of Michigan
campaign can be seen in bold and red.

Outer Inner
SPT +0 SPT +1 SPT +2
SPT +0 8,70 10, 68 12.5, 65.5

SPT +1 10, 72 12,70 14.5, 67.5
SPT +2 | 12.5,74.5 | 14.5,72.5 17,70
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6.2.3 Cathode

To maintain consistency between the two test facilities, the same cathode described in
Sec. 5.3 was initially used. However, early attempts to ignite this cathode were

unsuccessful and ultimately resulted in a short between the insert and the keeper.

Fortunately, the team at Michigan provided the use of their Lanthanum Hexaboride
(LaBg) hollow cathode, as described in [168, 207] and illustrated in Fig. 6.3. While the
cathode shown is not the exact unit used during testing, it follows the same design.
However, cathode location at Michigan emulates the Southampton configuration to

minimise the changes to the testing setup.

FIGURE 6.3: Cathode design used during the Michigan test campaign (image from
[168], used with permission).

During testing, the cathode was operated at a constant flow rate of 10.94 sccm,
equivalent to 10 sccmysa, where sccmysgy is defined at 25 °C rather than the 0 °C
standard used internationally. Throughout this thesis, unless otherwise stated, sccm
values are defined using the 0 °C standard. The cathode keeper was operated at a
constant 18 V and 1.5 A for all tests. In-comparison, at Southampton the cathode
keeper was operated at 25-50 V and 2 A.

This change in flow rate definition will affect the reported performance of the thruster;
however, it is expected to result in a slight enhancement due to lower losses associated
with the cathode-to-plasma coupling voltage. This would likely yield a 1-2% increase
in voltage efficiency. Furthermore, the higher mass flow rate through the cathode
might suggest enhanced performance from additional neutral ingestion. However, the
cathode was positioned at an angle behind the thruster such that any non-ionised
cathode flow would be exhausted away from the channel. Consequently, any neutral
ingestion would occur from the background pressure, which was an order of
magnitude lower at the Michigan test site than at Southampton. As a result, this

would not contribute to improved performance.
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6.3 Diagnostics

This section outlines the various diagnostics employed during the Michigan testing
campaign. For each plasma diagnostic tool, the underlying theory and corresponding
analysis methods are also discussed in detail.

6.3.1 Thrust Balance

The thrust balance used during testing at the LVTF shares basic similarities with the
double inverted pendulum balance described in Sec. 5.6.2, but there are several key
differences. The inverted pendulum thrust balance employed at Michigan is a
non-displacing design that uses electromagnets to maintain zero displacement while
under load from the thruster. As a result, thrust is not measured using a calibration
coefficient in units of mN/um, but rather through the calibrated coil current required

to maintain zero displacement, with a calibration coefficient in mN/A.

Additionally, the Michigan thrust balance incorporates a water-cooled jacket
maintained at 20 °C to minimise thermal drift, thereby improving measurement

stability.

A further refinement in this system is the inclusion of an active inclination control
system. The thruster shifting on the balance can cause thruster mass to be projected
into the thrust measurement axis, introducing erroneous thrust readings. To correct
for this, the inclination of the thrust stand’s mounting plate is continuously monitored
using inclinometers. Any deviations from level are corrected in real time using
stepper motors, which adjust the plate orientation to maintain horizontal alignment
throughout the test.

For a comprehensive description of the thrust stand design, measurement procedures,

error sources, and correction techniques, the reader is referred to Su [81].

6.3.2 ExB Probe

The analysis of charge-to-mass ratios in the far-field plume of a Hall effect thruster is
typically conducted using an “E X B” probe, also known as a Wien filter. This
diagnostic operates as a velocity bandpass filter, employing a region of orthogonal
electric and magnetic fields to selectively transmit ions of a specific velocity; thus, for a
simple mono-atomic propellant, enabling discrimination based on ion charge state.
For specific details of the E X B probe used within these tests the reader is refereed to
Su [81].
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The use of E X B probes for electric propulsion diagnostics dates back to the 1970s,
where they were employed to characterise ion charge state distributions within
thruster plumes [127]. Ion species with higher charge states are accelerated to higher
velocities through the same discharge potential. This behaviour is described by a
charge-state-specific form of the ion velocity equation

2enlU
Ui, = 4| 761;1‘ b (6.1)
1

where n denotes the charge state, u;, is the velocity of an ion at the charge state n, Uy,
is the species-specific accelerating voltage, and m; is the ion mass. In practice, ions
experience a distribution of accelerating voltages rather than a singular, uniform
value. It is from Eq. 6.1 that it can be seen that the E X B can be used as a mass
spectrometer under the assumption of constant acceleration potential that will allow

for the determination of the charge efficiency, Eq. 2.26, of the thruster.

A schematic of an E X B probe structure is shown in Fig. 6.4. A typical Wien filter
consists of four principal components: a collimator, the E X B region, a drift tube, and
a collector plate. The collimator ensures that only ions travelling approximately
parallel to the probe axis enter the filtering region, thereby excluding off-axis
charge-exchange ions or plume contributions from other thruster components. The
drift tube further narrows the angular acceptance by filtering ions not aligned axially
after the E X B region.

ExB Drift tube Collector
Collimator region e

E>u,xB . =
¢1 E=u;, xB

FIGURE 6.4: Schematic of a Wien filter-style E X B probe, illustrating the orthogonal
electric and magnetic fields and ion trajectories.

The filtering action is produced by a region where a uniform magnetic field is crossed
with a variable electric field. The magnetic field, oriented perpendicular to the probe
axis, is typically generated by permanent magnets for simplicity and stability. In some
cases, electromagnets are used to allow dynamic adjustment of the field, though this
adds design complexity. However, the use of electromagnets avoids the thermal

management concerns due to the risk of demagnetisation in permanent magnets at
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elevated temperatures. The electric field is generated between two parallel bias plates
separated by a known distance d, across which a voltage Va¢ is applied.

The condition for ion transmission through the Wien filter is given by the so-called
Wien velocity, v, which defines the ion velocity for which the electric and magnetic

forces balance
_ |E[ _ Adplate

"0~ 1B| ~ d|B] ’

(6.2)

where Applae = ¢1 — ¢2 is the voltage difference applied across the bias plates. During
probe operation, Adpiate is swept over a voltage range, thereby scanning through a
spectrum of v, values. Ions with velocity matching v, traverse the crossed-field
region undeflected and strike the collector plate, where they are neutralised by

electrons.

The current resulting from this neutralisation process is measured using a high
sensitivity picoammeter, which forms the probe’s output signal. For a typical E X B
probe, this signal peaks are on the order of 0.1 nA. As a result, careful alignment of the
probe with respect to the thruster is critical if a strong enough signal is to be collected
for meaningful measurements. Peaks in the collected current correspond to specific
charge-to-mass ratios, enabling the identification of ion species and the determination

of their respective charge state distributions.

As the plate bias voltage, Adpiaze, is swept, the current collected by the Wien filter
changes as the Wien velocity is swept across the ion velocity distribution function’s
(IVDF) range.

Due to overlapping peaks in the current measurements from the probe, each
corresponding to a different species” ion energy distribution function, it is necessary to
make assumptions about the form of the ion velocity distribution function. Since the
ion mass remains constant within each species, the ion energy distribution function’s
(IEDF) are directly analogous to the IVDFs. In the literature, several fitting models
have been employed, including triangular, Gaussian, twin-Gaussian, and
skew-normal profiles [208]. For the analysis presented in this thesis, a twin-Gaussian
fitting approach was used, as previous work has shown it best captures the
high-velocity tails typically observed in Hall thruster IVDFs [208].

To perform this analysis, the peak corresponding to the singly charged ion was first

fitted using the following expression

fi(u) = arexp[—b1(u —c1)] + azexp[—ba(u — c2)] , (6.3)
where a1, by, c1, a3, by, and c; are fitting parameters.

Once the first peak, typically the largest under nominal operating conditions, was

fitted, the remaining residual signal was successively fitted for the second and third
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peaks. This fitting procedure was applied to identify contributions from Kr*, Kr**,
and Kr*" ion species for each measurement. An illustration of this process is provided
in Fig. 6.5, corresponding to an operating condition of 300 V anode voltage and

90 sccm anode flow rate.
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FIGURE 6.5: Step-by-step illustration of the procedure for fitting multiple twin-
Gaussian distributions to a representative probe signal. The example corresponds to
an operating point of 300 V anode voltage and 90 sccm krypton anode mass flow rate.
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The current fractions, (0, raw (Eq. 2.27), representing the fraction of total current
attributed to each ion species 1, were estimated by integrating the fitted
twin-Gaussian distribution for each charge state and normalising by the integral of the
total fitted signal. These values correspond to uncorrected charge state fractions, as
facility effects may influence the measured distribution. During testing in the LVTE,
the background pressure was approximately 5.33 x 10~° mbar with 60 sccm of
krypton flow into the chamber.

6.3.2.1 ExB Probe: Charge-Exchange Correction

Several collisional effects can alter the measured charge state ratios in the spectra
obtained from a Wien filter. Reducing the distance between the probe and the thruster
exit plane can help mitigate these effects. However, proximity to the thruster
introduces other complications, such as probe heating due to the high-energy plume,

which may introduce additional sources of error or even damage the probe.

Prior studies have established that charge-exchange (CEX) collisions within the plume
have cross-sections comparable to Coulomb collisions yet exert a significantly greater
influence on ion attenuation [208]. CEX interactions predominantly occur between fast
ions and background thermal neutrals, and their prevalence is strongly dependent on

the vacuum chamber pressure. Consequently, they are often treated as facility effects.

The dominant CEX processes involve fast ions exchanging electrons with

slow-moving neutrals and can be described by the following interactions

+ +
Krfast + Krihermal = Krpast + Kr thermal ’ (6.4)
2+ 2+
Krfast + Krthermal = Krgast + Krthermal 7 (65)
2+ + +
Krfast + Krthermal - Krthermal + Krthermal / (66)

The background charge-exchange correction method described by Shastry et al. [209]
is applied here. This approach corrects the measured current based on the attenuation
of high-velocity ion fluxes propagating through a thermal background gas

(]/]O)n = exp(_nOUnZ) ’ (6.7)

where | is the measured current of the ion species with charge 7, Jy is the unattenuated

current at the thruster exit plane, ng is the background neutral number density
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(estimated from chamber pressure), 0;, is the effective CEX cross-sectional area for the
n'" charge state, and z is the distance between the thruster exit plane and the probe.

1.00
0.90
=
:\Q 0.85
=
0.80
Charge State
0.75 1 Krf, n=1
[ Kr2+, n=2
— Kr*,n=3
0.70 T T T T T T T T
0 100 200 300 400 500 600 700 800

Accelerating Voltage V, (V)

FIGURE 6.6: Charge exchange ion correction factor versus acceleration voltage for each

ion species considered. A background pressure of 5.3 x 10~® mbar is assumed, with

the shaded region showing £25 % pressure variation. As can be seen in Eq. 6.7, a
higher pressure will result in a lower (j/jo), value.

For this analysis, the CEX cross sections for Kr'™ and Kr*" are taken from
semi-empirical measurements by Hause et al. [210]

op = (80.7 — 14.71og(V;)) x 10720, (6.8)

o = (44.6 — 9.81og(2V,)) x 10720, (6.9)

where V; and V; are the species-specific acceleration voltages for Kr* and Kr?",
respectively. For the analysis here it is assumed that each ion species experiences the
same acceleration voltage which is obtained from the retarding potential analyser and
will be covered in more detail in Sec. 6.3.4.

No empirical data for Kr*™ CEX cross sections are available. As recommended by Su
[81], the corresponding value for Xe®" is used as a surrogate

03kr & 03lxe = (16.9 — 3.0log(3V3)) x 1072, (6.10)

Given the relatively small contribution of K’ to the overall ion population, the

associated error introduced by this approximation is expected to be minimal.
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6.3.2.2 ExB Probe: Current Fractions

To obtain the corrected current fractions, (), of each species in the plume, the raw

current fraction, (), raw, is corrected using Eq. 6.7 as follows

Qn,raw(]/IO);1
Y (Qn,raw(]/]0)51> ’

Q, = (6.11)

where (), is the corrected species-specific current fraction. The expected value of each
correction factor (J/Jo)n is illustrated in Fig. 6.6, for an assumed background pressure
of 5.3 x 107% mbar. The shaded region shows a variation of £25 % in the assumed

pressure.

6.3.3 Faraday Probe

Faraday probe measurements of the plasma plume provide the spatial distribution of
ion current density. These measurements are crucial for evaluating two key aspects of
thruster performance: the total plume current, used in calculating current efficiency
(Eq. 2.25), and the spatial distribution of the beam, relevant to beam divergence
efficiency (Eq. 2.31).

A Faraday probe typically consists of two main components: an ion-collecting
electrode, biased sufficiently to draw ion saturation current, and a guard ring held at
the same potential. The guard ring suppresses edge effects by minimising potential
gradients at the boundary, ensuring a well-defined and constant effective collecting
area. An example of a typical Faraday probe is illustrated in Fig. 6.7.

Guard h Collector

N i

0 Guard
Collecj)r— Ring
-\ Collector /u

h Guard ring

FIGURE 6.7: An illustration of a Faraday probe with important dimensions required
for analysis labelled.

The probe is mounted on a rotating sweep arm that performs an azimuthal scan of the

plume at a fixed radial distance from the thruster exit plane. During each sweep, the
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probe collects time-averaged current readings at different angular positions relative to
the thruster centreline. In the Michigan LVTF setup, the Faraday probe is biased to
—30 V and swept from —90° to +-90° in approximately 1° increments, where an angle
of 0° represents the thruster centreline. This allows the spatial current density profile
to be reconstructed.

From the resulting distribution, the total beam current and plume divergence angle
can be derived, offering insight into both propulsion efficiency and beam collimation.
The current collected by the probe as a function of angle is converted into a current
density using the relation defined by Brown et al. [211]

I.(6))
i(0,) = —F" Kegg , 6.12
j(0p) A, + g OEE (6.12)
where j(6)) is the current density at sweep angle 6, . is the measured collector
current, A, is the area of the collector plate, x¢ is a geometric correction factor
accounting for ions collected in the gap between the collector and the guard ring, and
Ksgg is a correction factor accounting for secondary electron emission from ion

impacts.

The correction factor x¢ is geometry-specific and will not be redefined here for the
sake of brevity and can be found in Brown et al. [211]. The SEE correction factor, xsgg,
accounts for the electrons emitted from the collector plate due to impinging

high-energy ions. It has separate contributions for each ion species and is defined as

1

— (6.13)
1+%, S

KSEE =

where 7, is the SEE yield of the collector plate material for each ion species. The
Faraday probe used in these tests employs a molybdenum collector plate, and the SEE
yields used in the analysis are shown in Tab. 6.2. As previously stated, only ion charge
states up to +3 are considered. The ion charge fractions, (), obtained from the E X B
probe measurements are assumed invariant with respect to the probe angle relative to
the thruster axis.

TABLE 6.2: Secondary electron emission (SEE) yields for molybdenum for impinging

krypton ions. Values for Krt and Kr?* from [212]. }: No data for Kr**; assumed the

same ratio between the third and the second charge state for tungsten as for molybde-

num to infer a value for the third charge state of krypton impinging on molybdenum.
[213].

Bombarding Ion Z, SEE Yield of Molybdenum, 7,

Krt 1 0.069
Kr2t+ 2 0.30
K3t 3 0.87%
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To calculate the total beam current and beam divergence, the current measurements
from the Faraday probe must be integrated with respect to the probe position and the
thruster’s central axis. This yields a total beam current, as described by Brown et al.

[211], in the form
) /2 Kp .
I, = 27R / i(6,)2 sin(6,) 6, , (6.14)
0 KA

where I is the total beam current calculated over the hemisphere from the thruster
centreline (0 rad) to the orthogonal axis (7t/2 rad), R is the radial distance of the probe
from the thruster’s exit plane centre, xp accounts for differences in path length from
near and far channel exit points to the probe, and « 4 is a geometric correction factor
that accounts for the probe’s angular misalignment with respect to the thruster axis. A
full derivation of these correction factors is omitted here for brevity but can be found

in Brown et al. [211] and Tisaev [214].

It is worth noting that Eq. 6.14 corresponds to a 90° segment of the measurement arc.
Therefore, a full beam current estimate over the forward hemisphere can be obtained
by evaluating the expression for both halves of the 180° sweep. However, in the
analysis presented in this thesis, only one half of the sweep was used due to cathode
placement obstructing part of the measurement on the opposite side.

To compute the beam divergence angle, as defined in Eq. 2.32, an estimate of the axial
component of the beam current is required. This is obtained by modifying Eq. 6.14 to
isolate only the axial component

5 7T/2 . KD .
loial = 27R2 | j(6,) 2 cos (2a(8)) sin (6,) 46 (6.15)
where a4 (6,) is the angle between the direction of ion flux and the thruster’s axial
direction, which depends on the probe radius R, sweep angle 6, and the outer
diameter of the thruster channel [211].

6.3.3.1 Faraday Probe: Charge-Exchange Correction

As previously discussed in Sec. 6.3.2.1, attenuation and interactions between plume
ions and background neutrals affect the measurements of the far-field plume and
must be corrected for. The influence of charge-exchange ions on Faraday probe
measurements is well known and has an impact several orders of magnitude greater
than that of other ion-electron or ion-ion interactions [81, 211, 215]. Furthermore, the
correction to remove slow-moving ions at the fringes is required for accurate
estimations of beam current, as failure to do so would produce non-physical beam

currents.

There are other interactions between ions that can occur in the plume of a Hall

thruster, such as ion-ion Coulomb collisions. However, Azziz estimated the mean free
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FIGURE 6.8: Faraday probe measurements of the SHARK-600V plume at the Univer-

sity of Michigan for 90 sccm of krypton and an anode voltage of 300 V. Both flat-

subtraction and exponential fitting corrections are shown. The plume angle shown is
calculated using the exponential fitting correction and Eq. 2.32.

paths of ion-ion and ion-electron Coulomb collisions at one metre from the thruster’s
exit plane to be on the order of kilometres and hundreds of millions of metres,
respectively [140]. These interactions, therefore, do not contribute significantly to

plume divergence and can be reasonably neglected in this context.

There are several methods for accounting for the effects of CEX on Faraday probe
readings. The most rudimentary of these is the “flat subtraction method”, which
assumes that the measured current at 90° from the thruster centreline corresponds to
zero directed ion current. Any signal measured at this angle is attributed to CEX ions
and is subtracted from the entire profile. This correction assumes that the CEX
contribution is uniform with respect to angle and does not vary across the plume.
While this method has been used in the past, it does not capture the true angular

distribution or dynamics of the ion population.

A more refined method of accounting for CEX is derived from experimental
observations and plume simulations, which showed an exponential decay of the
current beginning between 5-10° off the centreline. Manzella and Sankovic [216] also
observed this exponential trend in the current from between 5-10° to 20-30°, with the
current measured beyond 20-30° being primarily attributable to background pressure.
Higher background pressures result in elevated current measurements at larger
angles. Based on this behaviour, it has been proposed that an exponential fitting
correction be applied to the “exponential region” (typically 5-10° to 20-30°) to
extrapolate and subtract the CEX contribution in the outer angular regions of the

plume.
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Fig. 6.8 presents the raw Faraday probe data, alongside results corrected using both
the flat-subtraction and exponential fitting methods, for an operating point of 90 sccm
krypton and 300 V anode voltage. The impact of cathode placement is clearly visible:
the positive angular side of the trace shows suppressed current due to blockage by the
cathode, leading the exponential fit to predict a higher current than is actually
measured. As a result, all subsequent discussion of Faraday probe results will
consider only the left-hand (LH) side of the angular sweep with the exponential fit
correction applied, as this region remains unaffected by the cathode obstruction.

6.3.4 Retarding Potential Analyser

A retarding potential analyser (RPA) is a gridded energy-to-charge ratio filter used as
a far-field plasma diagnostic. In its simplest form, an RPA consists of a gridded
electrode and a collector plate. The grid is biased to a specified voltage that retards
and rejects ions below a certain energy threshold, while ions with sufficient energy
pass through and are measured via the neutralising current they induce upon striking

the collector plate.

In practical implementations, RPAs typically consist of four grids, though some
designs may include more. The first (plasma-facing) grid is electrically floating and
serves to shield the internal bias voltages from perturbing the local plasma. The
second grid is negatively biased to reject incoming electrons. The third grid is
positively biased and acts as the energy-charge-ratio discriminator. The fourth grid is
negatively biased relative to the collector plate to repel secondary electrons and

prevent them from escaping the collector, thereby improving measurement fidelity.

An RPA will only transmit ions whose energy-to-charge ratio exceeds the retarding
potential set by the discriminator grid. When analysing ions of multiple charge states,
an RPA cannot explicitly distinguish between them. This limitation arises because, as
indicated by Eq. 6.1, ions of different charge states but the same energy per charge will
be retarded identically and therefore appear indistinguishable in the energy spectrum.
Nevertheless, experimental studies have shown that higher charge state ions tend to
be generated in different regions of the discharge and thus may experience differing
acceleration potentials. This results in small variations in the mean energy of different

ion species and broadening of the measured RPA signal [217].

Due to the Hall thruster plume containing ions of multiple charge states and the
associated variations in acceleration potentials, the RPA spectra are broadened. Each
charge state is associated with its own ion energy distribution and mean acceleration
energy, which together contribute to the overall spectral shape at the collector plate.
This effect becomes more significant when a large fraction of the ions are multiply

charged.
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FIGURE 6.9: An illustration of the retarding potential analyser measurement for
300 V and 90 sccm anode voltage and flow respectively and the resulting derivative,
—dC/dV, of the signal, with the most probable voltage indicated.

The signal collected by the RPA is the current measured at the collector as a function
of the retarding grid voltage. As the retarding bias is increased, ions with
progressively higher energy-to-charge ratios are rejected, resulting in a corresponding
decrease in the measured current. The derivative of this signal yields the ion energy
distribution function. Fig. 6.9 presents an example of this measurement for an
operating point of 300 V anode voltage and 90 sccm anode flow, along with its
corresponding derivative, —dC/dV, which approximates the IEDFE.

In the IEDF shown in Fig. 6.9, multiple peaks and valleys are observed below a
discriminator grid voltage of approximately 250 V. These features are artifacts caused
by the auto-ranging behaviour of the picoammeter and are non-physical. As such,
they limit the resolution and interpretability of the IEDF in this region. Nevertheless,
the most probable energy of the ion population remains discernible and
representative. This inferred acceleration voltage is used to estimate the voltage
utilisation efficiency, as defined in Eq. 2.30.

6.4 Experimental Results

This section presents the results of far-field probe and direct thrust measurements of
the SHARK-600V thruster operating on krypton in the Large Vacuum Test Facility
(LVTEF) at the University of Michigan. The anode efficiency computed from probe data
is compared with that derived from direct thrust measurements. Subsequently, the
thrust and anode efficiency results are compared to those obtained from the same
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thruster configuration operating at the University of Southampton (Soton), followed

by a discussion of the observed discrepancies and potential causes.

The thruster was operated using the power supplies and flow controllers provided at
the University of Michigan. Care was taken to ensure the same connection points and
wiring configuration for the electromagnets as were used during the Southampton

campaign.

FIGURE 6.10: The SHARK-600V operating at 300 V anode voltage and 60 sccm anode
mass flow rate of krypton in the LVTF at the University of Michigan.

6.4.1 Probe Analysis

Each probe provides measurements that are converted into individual process
efficiencies as described in Sec. 2.3.3. These are then combined to produce a
probe-based estimate of the anode efficiency, as outlined in Eq. 2.24. The resulting
individual efficiencies and the total anode efficiencies from both probe measurements

and thrust measurements for 50 sccm are illustrated in Fig. 6.11.

It can be seen that the largest loss in efficiency arises from the mass efficiency

(Eq. 2.28), which itself contains contributions from current efficiency and average ion
charge state. This result is not unexpected: when operating on krypton, its smaller
ionisation cross-section, compared to xenon, means a greater portion of the neutral

”"mass current” is not converted into ion current.
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FIGURE 6.11: Comparison of individual probe anode efficiency, multiplicative probe
anode efficiency, and thrust anode efficiency for 50 sccm of krypton.

The probe readings for 600 V are incomplete due to visible heating of the channel.
However, based on the trends and the measured thrust, it is reasonable to suspect that
the thruster would exhibit high voltage efficiency and high mass efficiency. Moreover,
it would be reasonable to expect a marginally lower charge efficiency due to the
elevated plasma temperature, which may result in a greater proportion of multiply
charged ion species. Nevertheless, the charge efficiency would still be expected to
remain similar in magnitude to that of 500 V, at 77; = 97.3 %.

Furthermore, the Faraday probe results for 200 V at 50 sccm suggest an abnormally
high beam efficiency, which results in a high anode efficiency. Whilst the anode
efficiency for 200 V obtained from the probes is higher than that derived from direct
thrust measurements, the discrepancy is relatively small. As a result, the high anode
efficiency from the probes likely arises from an error in the beam current correction for
that operating point; at low voltages, the charge exchange correction is more sensitive
to background pressure measurements. Additionally, the E X B probe measurement is
taken at a single axial location due to low signal at off-angles, meaning that the
secondary electron emission (SEE) correction on which the Faraday probe relies
assumes a uniform charge species distribution. As a result, the corrections could be
overestimating the measured Faraday current. Further discussion of estimated probe

errors can be found in Appendix C.

6.4.2 Charge Efficiency

Charge efficiency quantifies the loss associated with the presence of higher charged

ion species in the plume, since their contribution to plume kinetic energy scales with



220 Chapter 6. Michigan Test Campaign

Smoothed - 500V 50sccm
Fit - 500V 50sccm
Smoothed - 400V 50sccm
—— Fit - 400V 50sccm
—— Smoothed - 300V 50sccm
Fit - 300V 50sccm
—— Smoothed - 200V 50sccm
Fit - 200V 50sccm

—
(=]
L

o
)
A

I
o
!

o
~
!

e
[}
)

Collector current normalised, a.u.

%

20 30 40 50 60 70 80
Plate Voltage, V

FIGURE 6.12: Comparison of each “E X B” probe trace at 50 sccm for anode voltages
ranging from 200 V to 500 V.

the square root of the charge, while the energy required to produce them increases
linearly. This efficiency is determined using the “E X B” probe, as described in

Sec. 6.3.2. An example comparison of these traces is shown in Fig. 6.12. Analysis of the
probe’s current trace allows reconstruction of ion species populations, as illustrated in
Fig. 6.13.
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FIGURE 6.13: Resultant ion current fractions expressed as a percentage versus anode
mass flow rate of krypton from the E X B probe.

The ion species fractions shown in Fig. 6.13 exhibit several notable trends. Firstly, the
Kr®* population remains nearly constant at approximately 10 % across all operating
conditions, suggesting that its formation mechanism is largely independent of the
bulk plasma. This result has been seen in literature across a range of input powers the
proportion of Kr>* is relatively constant [218]. This is likely the result of CEX
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interactions or Coulumb collisions occurring in the near-field plume as higher charge
species are formed closer the channel exit plane [219, 220].
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FIGURE 6.14: Average charge of axial krypton ions against anode mass flow rate in
the plume of the SHARK-600V, as measured by the E X B probe and calculated using
Eq. 6.16.

The Kr?* population shows a positive correlation with both increasing anode mass
flow rate and discharge voltage. This is expected, as higher discharge voltages lead to
higher bulk plasma temperatures, enhancing ionisation. Furthermore, at elevated flow
rates, the neutral number density within the channel increases, further facilitating

ionisation, as described by Eq. 2.7.4.

A useful way to summarise the effect of ion populations is through the average charge
state of the ions in the plume. This parameter, 7, is a key quantity in many of the

equations presented in Chapter 2 and is defined as

Zn eZ, )y

g==""=¢) 7,0, . 6.16
q Znﬂn ; n ( )

As aresult of }_, (3, — 1 the resulting average charge values, computed using
Eq. 6.16, are shown in Fig. 6.14. A clear trend is observed: average charge increases
with both anode mass flow rate and discharge voltage. These increases are primarily

driven by the increased Kr?" current fraction.

The final charge efficiency, as calculated from Eq. 2.26 using Eq. 6.11, is shown in

Fig. 6.15 as a function of anode power. A weak negative correlation is observed
between charge efficiency and increasing power. However, it is important to note that
for 300 V, higher power values correspond to higher flow rates, whereas for the

higher-voltage cases, higher powers are achieved at lower flow rates.
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FIGURE 6.15: Charge efficiency against anode power grouped by discharge voltage of
the SHARK-600V operating on krypton in the LVTE.

This indicates that high charge efficiency can be preserved at high voltages, provided
that the mass flow rate remains suitably low. Therefore, low-current, high-voltage
operation is capable of maintaining high charge efficiency, as long as an appropriate

mass flow rate is maintained.

6.4.3 Beam Efficiency

Beam efficiency, or current efficiency, is a measure of the proportion of electrical
current delivered to the anode that is converted into useful ion current within the
plume. This is described in Eq. 2.25 as the ratio of the beam current to the anode
current. The beam current can only be accurately obtained through plume
measurements; here, it is measured using Faraday probe data as described in
Sec. 6.3.3.

The constructed beam current density profiles for the SHARK-600V thruster at 300 V,
across flow rates from 40 sccm to 90 sccm, are shown in Fig. 6.16. As illustrated,
increasing flow rate results in a rising peak current density along the centreline from
40 sccm to 60 sccm. This is followed by a reduction in peak current density and a
broadening of the profile at 70 sccm, with an increasing current density across the full
angular profile from 70 sccm to 90 sccm. This trend is likely due to increased flow rate
raising the pressure within the channel, resulting in the plasma moving closer to the
exit plane of the thruster at 70 sccm. Beyond this point, further increases in flow rate
do not significantly alter plasma confinement but instead enhance the ionisation rate

of the less well-confined plasma.
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FIGURE 6.16: Faraday sweeps for all anode flow rates tested at 300 V. Due to the effect

of the cathode, the trace shown is from -90° to 0°, mirrored about the centreline to
cover 0° to 90°.
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FIGURE 6.17: Current efficiency against anode power grouped by discharge voltage
as measured from the Faraday probe.

The beam efficiency is calculated from the measured beam current obtained via
Faraday probe traces using Eq. 6.14 and the corresponding power supply current
delivered to the anode. The results are shown in Fig. 6.17. It is evident that beam
efficiency is high during low-power operation at 200 V and 400 V anode voltages but
decreases as anode power increases. In contrast, for 300 V and 500 V, beam efficiency

exhibits a positive correlation with increasing anode power.
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Above approximately 1600 W, the beam efficiency becomes relatively constant for
300 V and 400 V. This behaviour is likely linked to the trend observed in Fig. 6.16,
where increasing mass flow rate, and thus increasing anode power, leads to a broader
beam. This suggests reduced plasma confinement but also diminished plasma-wall
interactions. As a result, beam efficiency remains stable at higher power levels, since
further increases in flow rate and voltage primarily raise the overall current density
without significantly altering its spatial distribution. The same trend is likely to be
true for 500 V and 600 V but would occur at higher powers, as only 40 sccm and

50 sccm were tested up to the high voltages during these tests.

6.4.4 Divergence Efficiency

Beam divergence efficiency is a measure of the efficiency loss due to the non-axial
nature of ion acceleration as described by Eq. 2.31. This efficiency value is obtained
purely from the Faraday probe measurements as described in Sec. 6.3.3. To evaluate
the beam divergence efficiency, the beam divergence half-angle must first be found
from Eq. 2.32 as the inverse cosine of the ratio of the axial current to the total beam

current.
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FIGURE 6.18: Beam divergence angles against anode power grouped by discharge
voltage.

The measured beam divergence from Eq. 2.32 is illustrated in Fig. 6.18. As seen, there
is a positive correlation between increasing power and beam divergence angle. This
trend is likely a result of the same phenomenon described in Sec. 6.4.3, where
increasing anode power for the same anode voltage, increasing anode flow rate,
results in broader current density distributions and a less-axial current. There is also a
local minimum for 400 V and 500 V anode voltages, both occurring at 50 sccm, which

corresponds to the flow rate with the most generally efficient operation.
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FIGURE 6.19: Divergence efficiency against anode power grouped by discharge volt-
age.

From the beam divergence angle, the beam divergence efficiency can be obtained and
is illustrated in Fig. 6.19. This effectively shows the same trends but inverted, as
increased beam angle results in decreased efficiency. Again, more efficient operation is
seen at high anode voltages corresponding to lower mass flow rates; this follows as
the lower flow rates result in improved plasma confinement within the channel and
decreased plume divergence.

6.4.5 Voltage Efficiency

Voltage efficiency is a measure of how effectively the applied anode voltage in being
converted into an accelerating potential that the ions experience. As Hall effect
thrusters, unlike gridded ion thrusters, do not directly apply the acceleration voltage
but rather create a virtual grid with confined electrons the potential drop experienced
by the ions during acceleration is not exactly equal to the applied voltage.
Furthermore, the process of ionisation and acceleration are overlapping within a Hall
thruster discharge such that each ion depending on where it is created can experience
a variation of the applied accelerating potential difference.

The voltage efficiency as defined in Eq. 2.30 describes the ratio of the average
acceleration voltage experienced by the ions and the applied anode voltage. To
measure this a retarding potential analyser as described in Sec. 6.3.4 is used to
estimate the most probable voltage that accelerated the ion population from an ion

energy distribution function.

The results of the voltage efficiency for the testing are illustrated in Fig. 6.20. As seen,

there is a clear positive trend with increasing voltage efficiency with increasing anode
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FIGURE 6.20: Voltage efficiency against anode power grouped by discharge voltage.

voltages, increasing power, and increasing anode flow rate. However, this trend is not
a result of increasing anode voltage’s reducing the impact that a constant voltage loss,
A, has on the voltage efficiency. Rather, as can be seen in Fig. 6.21, the voltage loss,

A = Uy — Uy, for increasing flow rates and increasing anode voltages reduces by up to

approximately 30 V for 40 sccm to 70 sccm at 400 V.
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FIGURE 6.21: Measured voltage loss against discharge voltage grouped by anode flow
rate.

In Hall thrusters it is known that a portion of the voltage is lost to pull electrons from
the cathode into the channel, on the order of tens of volts [81]. This phenomenon
should account for a portion of the voltage loss, but it is unknown if this is constant
for a range of discharge voltages with the cathode for these tests operating at constant
18.4 V keeper voltage.
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6.4.6 Mass Efficiency

Mass efficiency, also known as mass utilisation, is a measure of how much of the
neutral mass delivered to the thruster is converted into ion current. This metric is
particularly important when considering alternative propellants to xenon, such as
krypton, due to their smaller ionisation cross-sectional areas and higher ionisation
energies. These properties result in reduced ionisation rates for equivalent discharge
conditions. Mass efficiency, as described in Eq. 2.28, relies on several far-field probe
measurements: the beam current is obtained from the Faraday probe, and the average
charge is obtained from the “E X B” probe, as described in Sec. 6.3.3 and Sec. 6.3.2,
respectively.
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FIGURE 6.22: Mass efficiency against anode mass flow rate grouped by discharge volt-
age.

Mass efficiency is traditionally the lowest among the individual efficiencies of a Hall
thruster. This is due to several factors, one of which is that beam efficiency is
inherently included in the definition of mass efficiency fundamentally limiting the
maximum mass efficiency to the current efficiency. Furthermore, the ionisation
dynamics within a Hall effect thruster play a crucial role in determining mass
efficiency, as the mean free path for ionisation must be controlled in efficient designs
to ensure it is smaller than the characteristic length scales of the thruster.

The measured mass efficiency of the SHARK-600V thruster operating on krypton can
be seen in Fig. 6.22. Here it can be seen that there is a positive trend of increasing mass
efficiency with increasing mass flow rate, which plateaus after 70 sccm. There is also a
trend of higher mass efficiency at higher voltages for the same mass flow rate. This
follows conventional understanding, as increased anode voltage increases the bulk
plasma temperature, enhancing the ionisation rate.
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6.4.7 Anode Efficiency Comparison

Comparing the anode efficiency obtained from both the multiplicative result of the
individual efficiencies and the direct thrust measurements provides strong empirical
justification for the assumptions made in the probe analysis. While direct thrust
measurements cannot resolve specific efficiency losses, they offer a reliable and
straightforward method to evaluate thruster performance, being subject to fewer

assumptions and sources of error than probe-based methods.

The probe-derived anode efficiency and the anode efficiency obtained from direct
thrust measurements are shown in Fig. 6.23. As can be seen, there is relatively good
agreement, with the overall trends preserved across the two methods. The largest
discrepancies occur at low powers. For the 200 V case, the probes overestimate
performance, as the Faraday probe measurements of the plume suggest high current
and mass efficiencies. For the 300 V case, the mass efficiency, illustrated in Fig. 6.22, is
relatively low and potentially underestimated. These results may be subject to
larger-than-normal errors due to weaker signals in low-power plasmas, which would
have the secondary effect of increasing sensitivity to corrections applied to small

signals, particularly for Faraday probe readings.
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FIGURE 6.23: A comparison of anode efficiency as measured with direct thrust mea-
surements (blue) and inferred from probe measurements (red) against anode power.

The performance of the SHARK-600V thruster operating at the University of Michigan
in the LVTF demonstrated high efficiency for a krypton discharge, with a peak anode
efficiency, as measured by direct thrust measurements, of 58.1 &£ 3.5 %.
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FIGURE 6.24: Comparison of thrust as measured by direct thrust measurements from
Michigan testing and Southampton testing.

6.4.8 Comparison to Southampton Results

The thruster performance recorded at the University of Southampton, as presented in
Sec. 5, is here compared with the results obtained at the University of Michigan for the
same configuration. This comparison enables the Michigan results to be interpreted

within the broader context of the Southampton campaign.

Two datasets from the Michigan campaign are available for comparison with the
Southampton results. The first is the direct thrust measurement obtained from the
inverted pendulum thrust balance, which can be directly compared to the thrust
measurements from Southampton. The second is the anode efficiency derived from
probe diagnostics, which will be compared to the anode efficiency calculated from the

Southampton direct thrust data.

While good agreement was observed between the probe-based and direct thrust
measurements at Michigan, additional insight can be gained through a comparison of

these results with those obtained at Southampton.

The direct thrust measurements from both test sites, compared against anode
discharge power, are shown in Fig. 6.24. For the same anode flow rate, the Michigan
test results indicate higher thrust at slightly lower discharge power. The anode
voltages operated at during both test campaigns were the same. The lower power
observed at Michigan is attributed to the tests drawing lower anode currents under
the same operating conditions. This discrepancy is more clearly illustrated in Fig. 6.25,

where thrust is plotted against discharge current.

Here, the trend of slightly enhanced performance at lower discharge current between
the two test sites is evident. It is difficult to attribute this difference to a specific cause

due to the absence of plume diagnostics at the Southampton test site. However, by



230

Chapter 6. Michigan Test Campaign

1004

®©
(=]
!

Thrust, mN
3

40

Test site | Anode mass flow rate, sccm

O  Michigan | 40 <> Michigan | 60 O  Soton | 40 <> Soton | 60 ¥V Soton | 80
[0 Michigan | 50 s Michigan | 90 [0  Soton|50 A Soton |70 7= Soton | 90

B o0 A - ®
K3 s~ ¥
g  Hg o v
5.9 <>'d:. @ 4 =
o0 g B o J w
O Erann S |
v S
o
3 4 5 6 7 8 9 10

Anode current, A

FIGURE 6.25: Comparison of direct thrust measurements against anode discharge cur-
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FIGURE 6.26: Comparison of measured anode current difference between Michigan
and Southampton testing as a function of anode voltage. Note: negative values indi-
cate a lower anode current measured at Michigan than at Southampton.

comparing the current difference between test sites in Fig. 6.26, a trend with flow rate

and the current discrepancy becomes apparent. This suggests that the observed

difference is likely due to background pressure variations between the two facilities.

Traditionally, higher background pressures are understood to artificially enhance

performance through two primary mechanisms. Firstly, elevated background pressure

increases the number of neutrals available for ingestion into the plasma, effectively

providing “free” additional anode mass flow, which results in higher thrust and mass

efficiency. Secondly, higher background pressure can compress the plasma, shifting it

deeper into the discharge channel. In the literature, this confinement effect is
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FIGURE 6.27: Comparison of anode efficiency as measured by direct thrust measure-
ments from University of Michigan test campaign and University of Southampton test
campaign.

associated with increased performance by promoting a more compact plasma and
higher beam divergence efficiency [221-224].

Conversely, the Southampton test site exhibited higher background pressures, on the
order of 3 x 1075 t0 9 x 10~° mbar, compared to the Michigan test site where
pressures were on the order of 5 x 10~® mbar. Based on conventional understanding,
it would therefore be expected that the Southampton performance should appear
more artificially enhanced than the Michigan results. However, this is not what is
observed. The results in Fig. 6.26, which show that the discrepancy between the two
test sites decreases with increasing flow rate, suggest a link between background
pressure and plasma dynamics. However, even at higher flow rates where the current
discrepancy narrows, the overall performance at the University of Michigan remained
significantly higher. The increase in thrust observed at Michigan cannot be attributed
to pressure thrust effects resulting from the lower background pressure, as the
additional thrust generated by this mechanism is estimated to be only on the order of
tens of micro-Newtons, well below the measured differences.

Further evidence is provided by the plume evolution illustrated in Fig. 6.16, where
Faraday probe measurements indicate a broadening of the plume and a reduction in
peak current density between 60 sccm and 70 scem. As discussed in Sec. 6.4.3, this
behaviour was attributed to higher flow rates increasing the neutral density within the
thruster, thereby shifting the plasma formation region further downstream, in some
cases extending into the near-field plume.

This observation provides insight into the pressure sensitivity of the SHARK-600V. At
the University of Southampton test site, the background pressure was approximately
an order of magnitude greater than at Michigan, which would almost certainly drive
the plasma to form deeper within the channel. Conventionally, such a shift would be
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FIGURE 6.28: Comparison of anode specific impulse as measured by direct thrust mea-
surements from Michigan and Southampton testing.

expected to improve performance by increasing plasma confinement and beam
divergence efficiency. In this case, however, it is believed that the elevated pressure,
combined with the relatively shallow magnetic field gradient of the SHARK-600V,
reduced electron confinement near the anode. This in turn promoted enhanced
electron current to the anode, leading to degraded overall thruster performance.

The anode efficiency of the SHARK-600V at both test sites is shown in Fig. 6.27, where
a clear separation between the datasets can be observed. However, the difference in
anode current draw alone cannot fully account for the increased performance
measured at the University of Michigan. Another possible source of the disparity
arises from differences in the cathode used between the two facilities. At the
University of Southampton, as described in Sec. 5.3, the HCES 5000 heater-less hollow
cathode by Intlvac Inc. (Georgetown, Canada) was employed. Although this cathode
was initially intended for use at the University of Michigan as well, ignition
difficulties led to the substitution of the LaBg hollow cathode described in Sec. 6.2.3.

The use of the LaBg cathode may have reduced the voltage drop required to extract
electrons into the bulk plasma, thereby increasing the thruster’s voltage efficiency.
This would, in turn, raise the plasma potential available for ionisation and
acceleration, enhancing overall performance. Without plume diagnostics such as an
RPA, however, this effect cannot be quantified directly. A useful proxy is the specific
impulse, which is strongly correlated with the acceleration voltage. As shown in
Fig. 6.28, the University of Michigan results demonstrate consistently higher specific
impulse than those from Southampton, reaching a peak of 3511.2 s (+105.4 s) at

50 sccm and 600 V, as measured by direct thrust.

Whilst specific impulse could also be enhanced by an increase in mass efficiency it is
not possible to draw a solid contribution between the use of different cathodes and the
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performance of the thruster.

6.5 Conclusion

Access to two large vacuum chambers at leading institutions enabled a unique
opportunity to expand the experimental scope of this thesis. The additional
University of Michigan campaign provided a critical dataset that complements the
results obtained at the University of Southampton, particularly by enabling direct
cross-facility comparison of thrust measurements and plume characteristics. At the
two facilities the thruster was operated on krypton across the same range of anode
voltages 200-600 V, and anode flow rates 40-90 sccm with the same electromagnetic
currents of 2 A applied. This allows for a like-for-like comparison for voltage and flow
rate performance between these two facilities.

The use of a comprehensive suite of far-field diagnostic probes, including the
retarding potential analyser, Faraday probe, and E x B probe, delivered insights into
plume behaviour that were not accessible at Southampton. These measurements not
only strengthened confidence in the SHARK-600V results but also highlighted
facility-dependent effects.

At the University of Michigan whilst operating on krypton, the SHARK-600V
demonstrated consistently higher general- and peak-performance across operating
points. Direct thrust measurements showed greater thrust, 107.3 mN, specific impulse,
3511 s, and anode efficiency of 58.1 % at 600 V. Anode efficiency remained higher than
at Southampton, with probe diagnostics and direct thrust results in close agreement,
lending confidence to the accuracy of the measurements. Furthermore, a clear trend
was observed of increased thrust at lower discharge current draw, indicating
improved current utilisation and voltage efficiency in the Michigan facility. These
results via both direct thrust measurements and indirect efficiency from far-field
probes show that the SHARK-600V Hall effect thruster is capable of operating at high
efficiency on krypton and at high voltages, providing validation for the key goals of
this thesis.

Whilst there are differences in the magnitude of performance measured at the two
facilities, the general trends are preserved. Increasing discharge voltage at both test
sites leads to increased specific impulse. Furthermore, the highest anode efficiency
measured by direct thrust measurements at both facilities occurred at an anode
voltage of 600 V and an anode mass flow of 50 sccm of krypton.

However, the disparity in performance measurements between the two test sites asks
interesting questions regarding facility effects and cathode choice on performance.

Cathode optimisation can significantly improve performance by increasing the
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voltage efficiency of the thruster. While this alone cannot account for the magnitude
and nature of the performance change, it certainly played a role. One source of
difference between the two test sites was the current draw of the anode during
operation. The anode current draw at the University of Michigan was lower for all
anode flow rates and anode voltages than at Southampton, with the sole exception of
the 90 sccm case (Fig. 6.26). This in turn decreased the anode power for the same
condition, and this drop in power coincided with an increase in thrust produced. This
thrust increase cannot be explained by an increase in pressure thrust due to the low
chamber background pressures seen at the University of Michigan. However, the use
of a higher quality hollow cathode would produce a greater plasma potential for
accelerating and ionising the krypton propellant, slightly enhancing thrust.

Additional insight was provided by the plume diagnostics at Michigan. Faraday
probe sweeps revealed a broadening of the plume and reduced peak current density
at higher flow rates, suggesting that increased neutral density shifted the plasma
formation region downstream. These results emphasise the sensitivity of the
SHARK-600V to background pressure and neutral dynamics and highlight the value

of comprehensive plume diagnostics in interpreting performance trends.

At this stage, the answers to these questions are still partially speculative due to the
lack of a comprehensive diagnostic suite at the University of Southampton that could
diagnose the key efficiency loss mechanisms. It is speculated that the lower chamber
background pressure seen at the University of Michigan test site resulted in the
plasma forming closer to the exit and enhanced electron confinement, thereby

enhancing the overall performance of the thruster.
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Chapter 7

Summary of Key Contributions,
Conclusion and, Future Work

7.1 Summary of Major Contributions

This thesis makes the following contributions to advancing the understanding and

development of Hall effect thrusters operating on alternative propellants:

Scaling and Design

An extended semi-empirical scaling methodology was derived that preserves
propellant-specific behaviour and enables direct geometric scaling for non-xenon
propellants, notably krypton. The method builds on existing semi-empirical
approaches, utilising a curated thruster database and yielding practical design targets
for mean diameter, channel width and operating points to guide Hall effect thruster

design.

Using the scaling outputs as a guideline, the SHARK-600V was designed as a modular
Hall effect thruster with interchangeable channel inserts to vary channel width and
mean diameter while keeping magnetic, electrical, fluidic and diagnostic systems
constant. The design process combined low- and high-fidelity magnetic modelling,
laboratory magnetic-field topology mapping, an additively manufactured hollow
anode featuring “swirl” injection with print quality validated via X-ray CT, and a
zero-dimensional thermal model that accounts for secondary electron emission from
the discharge channel for estimating thermal loads. This integrated
scaling-and-design outcome provided a platform for the thesis goals of systematic

geometry—propellant characterisation.
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The scaling methodology received subsequent experimental validation through
comparison with the Gaussian process regression model trained on the experimentally
obtained dataset of the SHARK-600V operating on xenon, krypton, and argon. Despite
the fundamental differences between the two approaches, the scaling predictions and
GPR-identified optimal geometries showed meaningful agreement, most notably for
krypton at the 2.5 kW, 600 V condition where the predicted mean diameters agreed to
within 0.6 mm. This convergence serves as a form of experimental validation for the
scaling approach, demonstrating that the semi-empirical method, despite its reliance
on a limited krypton database, produced channel dimensions consistent with those

identified through systematic experimental characterisation of a modular thruster.

Development of Testing Infrastructure and Data Acquisition

A complete, multi-propellant delivery system was designed and assembled to support
rapid and repeatable switching between xenon, krypton and argon, with the
capability to test mixed propellants over a range of mass flow rates. A novel inverted
double-pendulum thrust balance was designed, manufactured and calibrated. The
thrust stand was validated in an inter-laboratory campaign utilising a micro-class
thruster, demonstrating the balance’s ability to measure a large range of thruster

masses and thrust levels with high precision and repeatability.

Complementing the fluidic hardware and the thrust balance, a data-acquisition and
control system with an operator GUI was developed to enable continuous
measurement and remote operation. This system substantially improved
measurement repeatability and enabled robust error analysis of the low-frequency
dynamics of thruster operation. Together, the fluidic, thrust measurement and DAQ
developments established a laboratory capability suitable for comprehensive Hall

effect thruster testing and characterisation.

Full Characterisation of SHARK-600V

The SHARK-600V was experimentally characterised across nine channel geometries
and three noble gases, producing a systematic dataset of 1220 operating points from
which specific impulse, anode efficiency and thrust-to-power were derived using
direct thrust measurements. The results identify channel width as a first-order control
on performance and stability, mean channel diameter as a second-order control that
becomes important at high voltage, and the “+2, +1” and “+2, +0” geometries as
high-performing configurations. These findings provide propellant-dependent
guidance for optimising alternative-propellant Hall effect thruster performance.
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The experimental characterisation also explored a thruster with anode-layer variant
implemented within the same modular platform. TAL operation did not demonstrate
clear gains in plasma temperature or specific impulse in this implementation; instead,
it revealed severe thermal loading, narrow operating windows and lower anode
efficiencies. This suggests TAL operation requires a bespoke thruster architecture and
is not well suited to a dual SPT-TAL modular platform.

Gaussian Process Regression Modelling

A Gaussian process regression model was trained from the experimental dataset,
creating a continuous, smooth surrogate of SHARK-600V performance across the
input parameter space of anode voltage, anode mass flow rate, channel width and
mean channel diameter. Independent models were trained for each propellant and
each output parameter, providing a powerful analysis tool capable of predicting
thruster behaviour with quantified uncertainty. Validation against held-out test data
confirmed low prediction errors across all outputs, with coefficient of variation of root
mean square error values of 14.8%, 11.9% and 15.6% for anode efficiency for xenon,

krypton and argon, respectively.

The GPR model enabled two significant advances. First, it allowed interpolation
between tested geometries and extrapolation to untested conditions, identifying
optimal channel dimensions that were not directly examined during the experimental
campaign. Second, comparison with the semi-empirical scaling methodology revealed
meaningful agreement, most notably for krypton at the 2.5 kW, 600 V condition where
the predicted mean diameters agreed to within 0.6 mm. This convergence serves as a
form of experimental validation for the scaling approach, while demonstrating that
the GPR model successfully captured the underlying physical trends. For argon,
where conventional scaling methods cannot be applied due to insufficient literature
data, the GPR model provided the first experimentally derived optimal channel
geometry, offering a preliminary design target for future argon Hall thruster
development despite the inherent limitations of the small argon dataset and
single-facility operation.

International Cross-facility Testing of SHARK-600V

The cross-facility testing of the SHARK-600V at the University of Michigan enabled
validation of thruster performance as well as additional insights from the
comprehensive suite of far-field diagnostics, including an ExB probe, a Faraday probe
and a retarding-potential analyser, and access to the LVTF with substantially higher
pumping capacity and lower base pressure to examine facility effects on performance.

The Michigan campaign provided direct thrust measurements complemented by
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far-field probe data that corroborated the Southampton trends while revealing
substantially higher absolute performance and distinct current-voltage characteristics
for like-for-like krypton mass flow rates and anode discharge voltages, exposing
significant important facility effects.

These cross-facility results both validate the core geometry and highlight the
high-performance capability of high-voltage Hall thrusters operating on krypton.
Importantly, although absolute performance at Michigan exceeded that at
Southampton for the same configuration, both facilities reached peak anode efficiency
at the same operating point: 50 sccm, 600 V. At Michigan the peak was 107.3 mN
thrust, 3511 s specific impulse and 58.1 % anode efficiency at an anode power of

3180 W; at Southampton, the peak was 85.8 mN thrust, 2809.1 s specific impulse and
35.8 % anode efficiency at an anode power of 3300.8 W.

7.2 Conclusion

This thesis has addressed the critical need to reduce reliance on xenon for electric
propulsion by providing a comprehensive framework for the development of
high-voltage Hall effect thrusters operating on alternative propellants. Through an
integrated approach combining extended scaling methodologies, modular thruster
design, systematic experimental characterisation, and advanced surrogate modelling,
this work has advanced the understanding of how krypton and argon can be

optimized for high-performance space propulsion.

The central finding is that the inherent ionisation limitations of lighter propellants can
be overcome through a combination of high-voltage operation and precise geometry
tuning. Channel width was identified as the primary geometric control, with an
optimal range that balances enhanced performance against high-voltage stability.
Mean channel diameter emerged as a secondary, propellant-dependent control that
becomes influential at elevated voltages. These insights culminated in the
identification of the “+2, +1” and “+2, +0” configurations, of the SHARK-600V
thruster, as consistently high-performing, demonstrating that krypton, when
optimally configured, can match or even exceed xenon in specific impulse and anode
efficiency within the same platform. The TAL experiments, while limited, underscored
that anode-layer operation requires a fundamentally distinct design approach,

reinforcing the maturity and versatility of the SPT architecture explored in this work.

A major contribution of this work is the experimental validation of the semi-empirical
scaling methodology through comparison with a Gaussian process regression
surrogate model trained on the extensive experimental dataset. The convergence of
these two fundamentally different approaches, particularly the strong agreement for
krypton at the 2.5 kW, 600 V design point, confirms the utility of the scaling method as
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a design tool. Furthermore, the GPR model itself represents a significant advance,
providing a validated framework for predicting performance across untested
geometries. For argon, where conventional scaling is impossible due to a lack of
literature data, the model offers the first experimentally derived design guidance,
filling a crucial gap.

Cross-facility testing at the University of Michigan provided both validation and
insight. The SHARK-600V achieved performance among the highest reported for
krypton Hall effect thrusters, with 58.1% anode efficiency at 600 V, confirming the
potential of the design approach. Crucially, while absolute performance differed due
to facility effects, the peak efficiency occurred at the same operating point in both
facilities, validating the robustness of the underlying performance trends. The
accompanying plume diagnostics identified key efficiency loss mechanisms, such as
plume divergence and current efficiency, providing a pathway for targeted future
improvements. These results, notably at the 50 sccm, 600 V condition, represent some
of the highest efficiencies reported in the literature for a krypton Hall effect thruster,

achieved with a channel width of 14.5 mm and a mean diameter of 67.5 mm.

Collectively, these contributions bridge the gap between conventional xenon-based
scaling and the needs of next-generation, alternative-propellant thrusters. By
decoupling geometric and propellant effects and providing validated design tools, this
research lays the groundwork for the adoption of krypton and argon in missions
where cost and specific impulse are critical. The substantial experimental dataset, the
validated scaling methodology, and the GPR surrogate model together form a
coherent foundation for the continued development of high-voltage Hall thrusters.

7.3 Future Work

The large disparity in performance between test sites has highlighted significant
facility effects on thruster operation. Although full plume diagnostics were obtained
at the University of Michigan, none were collected during the University of
Southampton campaign because the necessary diagnostics were not available at the
time. This has since changed, and we are developing a Hall thruster plume diagnostic
setup. These probe measurements can non-invasively diagnose efficiency-loss
mechanisms at the University of Southampton facilities and provide important

guidance for future Hall thruster experimentation.

Furthermore, although the SHARK-600V campaign examined the impact of altering
the discharge chamber, the magnetic circuit was held constant at the macroscopic
thruster level, so each channel insert experienced a different local portion of the field.

A future thruster in which the magnetic circuit can be adjusted to maintain a constant
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topology and magnitude across different channel widths and mean diameters will
better isolate the effect of channel geometry on performance.

It is also of interest to study lower-power, sub-kilowatt thrusters, since channel
geometry has a large impact in this regime. Moreover, small satellites represent a
promising market for lower-cost, alternative-propellant Hall thrusters because they
are particularly cost sensitive.
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Appendix A

Magnetic Field Simulation results

Here we have included more example of the intermediate results of the magnetic field

simulations used to optimise the magnetic screen.



C. Parametric configuration 10. D. Parametric configuration 22.

FIGURE A.1: Magnetic field simulations for selected geometry sweep 1 showing magnetic field streamlines for 1A inner coil and 1A outer coil
currents.
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C. Parametric configuration 13. D. Parametric configuration 14.

FIGURE A.2: Magnetic field simulations for selected geometry sweep 2 showing magnetic field streamlines for 2A inner coil and 2A outer coil
currents.
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Appendix B

Gaussian Process Regression
Modelling: Additional Figures

B.1 GPR Training plots

here we have included additional plots with regards to the relative error of the GPR

model to training inputs.
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FIGURE B.1: Mean relative error of the Gaussian process regression model for krypton

as a function of the number of training samples used. For each training data size,

ten independent models were trained using different randomly selected training sets

and evaluated on separate randomly selected test data (109 for krypton). The error

bars represent the standard deviation of the relative error, while the shaded region
indicates the 95% confidence interval across the ten models.
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FIGURE B.2: Mean relative error of the Gaussian process regression model for argon

as a function of the number of training samples used. For each training data size,

ten independent models were trained using different randomly selected training sets

and evaluated on separate randomly selected test data (35 for argon). The error bars

represent the standard deviation of the relative error, while the shaded region indicates
the 95% confidence interval across the ten models.
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FIGURE B.3: Mean relative error of the Gaussian process regression model for krypton
as a function of the number of optimisation restarts. For each restart value, ten in-
dependent models were trained using different randomly selected training sets (com-
prising 80% of the samples) and evaluated on separate randomly selected test data.
Each model was evaluated using the same number of test points (the remaining 20%
of the samples). The error bars represent the standard deviation of the relative error,
while the shaded region indicates the 95 % confidence interval of the relative error
across the ten models.
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FIGURE B.4: Mean relative error of the Gaussian process regression model for xenon as
a function of the number of optimisation restarts. For each restart value, ten indepen-
dent models were trained using different randomly selected training sets (comprising
80% of the samples) and evaluated on separate randomly selected test data. Each
model was evaluated using the same number of test points (the remaining 20% of the
samples). The error bars represent the standard deviation of the relative error, while
the shaded region indicates the 95 % confidence interval of the relative error across the
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ten models.

B.2 GPR Model Error

The error of the inferred performance from the GPR model results for xenon, krypton,

and argon shown in Figs. 5.71-5.73 are shown here.
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FIGURE B.5: Array of Gaussian process regression model error for xenon from Fig. 5.71, showing the error in the anode efficiency prediction

as a function of channel width (horizontal axis) and mean channel diameter (vertical axis) for each voltage and flow rate combination. Each

subplot presents a continuous heat map with overlaid iso-lines of constant anode efficiency uncertainty. Red crosses indicate the discrete channel
configurations experimentally tested.
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FIGURE B.6: Array of Gaussian process regression model error for krypton from Fig. 5.72, showing the error in the anode efficiency prediction

as a function of channel width (horizontal axis) and mean channel diameter (vertical axis) for each voltage and flow rate combination. Each

subplot presents a continuous heat map with overlaid iso-lines of constant anode efficiency uncertainty. Red crosses indicate the discrete channel
configurations experimentally tested.
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subplot presents a continuous heat map with overlaid iso-lines of constant anode efficiency uncertainty. Red crosses indicate the discrete channel
configurations experimentally tested.
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Appendix C

Michigan Campaign: Uncertainty
Analysis & Additional Result

C.1 Uncertainty Analysis of Far-Field Probes

Error quantification is an integral part of any experimental testing campaign and is
especially critical for probe-based diagnostics. Most probes do not directly measure
the parameter of interest but instead infer it from secondary quantities. For example,
Retarding Potential Analysers, ExB probes, and Faraday probes all fundamentally
measure current collected on a surface. This current reflects a set of underlying
physical processes, such as ion collection, charge separation, or energy filtering.
Consequently, final results, such as ion species fractions or ion acceleration voltages,

require multiple intermediate steps between raw data and the inferred quantity.

This layered processing introduces challenges in quantifying uncertainty. Specifically,
it is difficult to propagate error rigorously through all steps without a full model of
each stage. Additionally, since the diagnostics used in this testing campaign were not
assembled or calibrated by the author but instead operated as part of the host facility’s
existing infrastructure, some sources of uncertainty (e.g., power supply resolution,

internal probe alignment, or data acquisition fidelity) remain unknown.

As a result, a comprehensive, all-encompassing evaluation of uncertainty is not
possible. However, some sources of error are expected to dominate the overall
uncertainty budget. This section provides a first-order estimate of those dominant
contributions, based on known measurement characteristics and prior literature.
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C.1.1 ExB Probe Error

The ExB probe measurements are inherently subject to uncertainty due to the nature
of ion species overlap and the multi-stage data processing required. Only first-order
uncertainties are considered here as second order uncertainties are typically two
orders of magnitude smaller and negligible in the context of this analysis. The probe
signal is calculated from fitted distributions twin-Gaussian models which introduces
fitting related uncertainty, particularly in regions where species peaks overlap.

To estimate the contribution of this overlap, the triangular fitting method proposed by
Huang et al. [208] was used. While the exact division of current in these regions is not
directly measurable, this method provides a geometric upper bound on the

uncertainty in the extracted species fractions.

From the twin-Gaussian fitted curves the peak and width are extracted and used to
form a geometrically simple triangle. From these triangles the area of the overlap
between the peaks is simply described. Following from this the overlap areas for all
three species can be found to be:

A/ ~ (0.5 x %)2 (C.1)
1
AL/ ~ (05 x 22)2 4 (0.5 x S22 (C2)
ha ho
AQ3/ Q5 & (0.5 x 22)2 4 (0.5 x 2242 (C.3)
I3 I3

where AQ),,/Q),, is the relative uncertainty for the n'" ion species, s jk is the saddle point
of the overlap of the j and the k' ion species twin-Gaussians, and hjr is the height of
the saddle point of the overlap of the j" and the k' ion species twin-Gaussians.

The results from Eqgs. C.1-C.3 provide a rough estimate of the upper bound of the
uncertainty, as the overlap region will not be composed purely of a single ion species.
Using this result as the uncertainty ensures that the actual current fraction lies within
the bounds defined by this uncertainty.

Additional uncertainties are introduced into the ExB probe measurement through the
applied corrections. As illustrated in Fig. 6.6, the correction factor applied to account
for attenuation of ions reaching the probe varies significantly with pressure. This is
further emphasised in Fig. C.1, where the calculated attenuation is shown to vary over
one order of magnitude of pressure in millibar. This sensitivity is particularly
pronounced for singly and doubly charged species, whose impact is increased due to
their dominance in the ion population collected by the probe.

These factors present several hurdles to accurately estimating the error of the ExB

probe measurement.
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FIGURE C.1: Charge exchange ion correction factor versus chamber background pres-

sure for each ion species considered, for a range of discharge voltages. The back-

ground neutral temperature is assumed to be 300 K. The dotted vertical line represents
5.33 x 10~® mbar, the measured pressure during testing.

Firstly, the required charge-exchange correction is strongly dependent on the
background pressure. Vacuum pressure measurements are notoriously difficult to
obtain with high accuracy, as probe placement, thruster placement, pump
configuration, and other factors all play a role. Furthermore, the pressure gauge itself,
in the case of the Michigan LVTE, has an error of approximately £20% [80, 225]. The
charge-exchange correction is also a function of the acceleration voltage, which is
determined from the retarding potential analyser and therefore carries the uncertainty

associated with that measurement.

Secondly, due to the lower mass of krypton compared with xenon, the peaks in the
ExB trace are often overlapping, though an upper bound estimate of the error
introduced can still be obtained.

Lastly, the signal in an E xB probe trace is on the order of nanoamperes; therefore, the

current measurement device must be extremely sensitive.

Due to damage to the pressure gauge controller and our unfamiliarity with the setup
and requirements for analysing E x B probes, the pressure was measured only once, at
60 sccmysy total krypton flow into the chamber (50 sccmysa anode and 10 scemysa
cathode). This single measurement was used for all subsequent analysis and is likely
to introduce additional uncertainty into the ExB probe measurements, which is

difficult to quantify. Based on similar experimental setups, this uncertainty is
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estimated to be on the order of £(10-15)% as a high estimate, since other facilities
have reported errors of approximately £8% in charge utilisation measurements [226].

As a result of using a single pressure correction, the attenuation of ions at flow rates
greater than 50 sccmysa anode is likely under-corrected, lowering the charge
efficiency measurement. Conversely, at flow rates less than 50 sccmygsa anode, the
attenuation is likely over-corrected, enhancing the perceived performance. However,
given the large pumping capacity of the LVTF, it is unlikely that the pressure varied
significantly across the range of flow rates tested.

C.1.2 Faraday Probe Error

Faraday probe measurements are subject to several sources of error and require
specific corrections, as previously discussed in Sec. 6.3.3. This subsection outlines the

main corrections applied in this work and the associated sources of uncertainty.

The first consideration is the probe bias, which must be sufficient to reject electron
current and ensure that the measured signal represents only collected ions. In the
literature, a bias of —30 V is commonly used, and this was the bias applied in these
tests.

The second consideration is related to the physical aspects of the probe, such as the
ion-collecting region in the gap between the collector and the guard ring. These
corrections account for geometry, but uncertainties remain due to manufacturing
tolerances or possible misalignments of probe components. In this work, these errors
are considered to be at least one order of magnitude smaller than other sources of
uncertainty and are therefore treated as negligible.

Two further corrections are applied to the measured signal. The first is the secondary
electron emission (SEE) correction, which accounts for electrons ejected from the
surface when impinging ions strike. The SEE correction is dependent on material,
propellant, and the charge state of the impinging ion. As a result, this value is
informed by the Ex B probe reading for ion species composition. The SEE correction
factor, xsgg, for each Faraday measurement was approximately 0.90, although it
depends on the operating condition. Operating points with a greater proportion of
higher charge state species will have a lower «ksgg factor.

The second applied correction is the charge-exchange correction, which accounts for
background neutrals interacting with fast-moving ions and transferring their energy
into random low-velocity motion. This interaction contributes to current captured by
the Faraday probe at large angles with respect to the thruster centreline. The method
employed to account for this is to apply an exponential fit to the near-centreline beam
profile and extrapolate outward. This method is susceptible to introducing errors if
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the bounds for the fitting region are poorly defined. However, there is no quantitative
method for evaluating the error in this corrected current.

Finally, the Faraday probe sweep is performed twice per operational point: once as the
arm moves from —90° to +90°, and again as the arm moves from +90° to —90°. To
improve measurement accuracy, these two sweeps are averaged. If the cathode
placement did not obscure the portion of the plume in the 0° to +-90° region, as it did
in our case, each half of the plume could also be averaged together, assuming a
symmetric plume, or compared to provide further confidence in the measurement.

C.1.3 Retarding Potential Analyser Error

Similar to the other probes used, the RPA also has several sources of error or
uncertainty. These include voltage variance on the grids, electrical noise on the
collector plate, and possible misalignment of the probe with respect to the thruster
plume.

One method used here to quantify the confidence in the acceleration voltage from the
RPA trace is bootstrap subsampling. This is a resampling approach used to estimate a
confidence range for the extracted most probable voltage (MPV) by repeatedly
drawing random subsets of the measurement data and re-performing the MPV

extraction procedure.

The process begins by filtering the raw RPA current-voltage data to remove non-finite
values and duplicate voltage entries. For each bootstrap iteration, a random
subsample containing 80% of the available voltage—current pairs are selected without
replacement. This subsample is then smoothed using a moving mean filter of width
Nmean, after which the first derivative, —dC/dV, is computed to obtain the ion energy

distribution function.

Transient artefacts in the derivative trace, often due to electronic noise or signal spikes,
are mitigated using a combined spike-detection mask based on the z-score of the
derivative and an absolute threshold criterion. Surviving points are median filtered
and subsequently passed through a Gaussian filter to further suppress high-frequency
noise. A symmetric trimming of the filtered array removes convolution edge effects.

The MPV for each iteration is then identified as the voltage corresponding to the
global maximum of the smoothed derivative curve. This process is repeated for Npot
iterations (here Npoot = 1000), producing a set of MPV values. The central tendency
and spread of this distribution are reported as the median MPV and its standard

deviation, respectively:

Vmpy = median (VWpy,i),  ompyv = std (Vmpv,i) (C4)
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This bootstrap subsampling method has the advantage of not requiring any
assumptions about the underlying noise distribution and is robust to occasional
outliers in the raw dataset. It also naturally incorporates the combined effects of
smoothing, filtering, and spike rejection into the reported uncertainty.

The standard deviation calculated from bootstrapping is reported as the uncertainty
on the RPA measurement. Whilst this can provide an estimate of the sampling bias
error, there are still other sources of error that remain unaccounted for. However,
anecdotally, when repeat RPA measurements were taken at the same operational
point, the resulting MPV values differed by several volts.
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C.2 Additional Results from Michigan Campaign

The figures in this appendix present supplementary diagnostic results acquired

during the University of Michigan campaign.

C.2.1 ExB Additional Results

Additional ExB probe sweeps recorded during the Michigan campaign for each
anode flow rate for all tested voltages.
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FIGURE C.2: ExB probe data for krypton at 40 sccm for each tested anode voltage.
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FIGURE C.3: ExB probe data for krypton at 60 sccm for each tested anode voltage.
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FIGURE C.4: ExB probe data for krypton at 70 sccm for each tested anode voltage.
C.2.2 Faraday Probe Additional Results

Additional Faraday probe radial sweeps recorded during the Michigan campaign for
each anode voltages across each flow rate tested.
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FIGURE C.5: Faraday probe radial sweep for krypton at 400 V for all tested flow rates.
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FIGURE C.6: Faraday probe radial sweep for krypton at 500 V for all tested flow rates.
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C.2.3 Retarding Potential Analyser Additional Results

Additional RPA sweeps recorded during the Michigan campaign for each anode flow

rate across each anode voltage tested.
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FIGURE C.10: RPA sweep for krypton at 70 sccm across all tested voltages.
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