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Hall thrusters are the most common form of electric propulsion on spacecraft currently in
Earth orbit, they offer excellent efficiency, high thrust to power, and have relatively simple
power processing units. They have seen significant development since their first commercial
flight in 1972, however, methods for characterizing their operation for both development
and flight have remained relatively consistent. Therefore, advanced techniques have been
developed to more effectively, efficiently, and expeditiously characterize thruster operation.
These methods have been advanced through four primary approaches.

The first approach was the development of a magnetically shielded Hall thruster with a
movable inner pole to investigate the influence of magnetic field shape on thruster operation.
The use of magnetically shielded geometries has been demonstrated to drastically reduce the
rate of erosion on Hall thruster channel walls. However, the switch to a magnetically shielded
configuration can increase plume divergence contributing to a decrease in efficiency and
thrust. Varying the magnetic field shape near the exit of the thruster has been demonstrated
to decrease plume divergence, however, the impact on thruster behavior is unknown. Three
test campaigns on iterations of the ACME thruster, operating on both xenon and krypton,
investigate the plume divergence, performance and efficiency changes, and map the plume of
the thruster across a range of pole positions. The divergence, voltage, and current utilization

efficiencies have strong dependencies on the relative pole position across all operating points.



The dependence of anode efficiency on pole position can be mapped to the other efficiencies
within the uncertainty of the experiment. The change in inner pole position of -1 mm on
xenon and - 4 mm on krypton has been shown to significantly increase the anode efficiency

of the thruster, primarily through divergence and voltage utilization efficiency gains.

The second approach assesses the standard methods for characterizing thruster efficiency
using plume diagnostics. The standard practice of measuring a centerline Ion Energy Distri-
bution Function (IEDF) is insufficient for electric propulsion systems with unknown or highly
divergent plume structures. This method is compared to spatially resolved IEDF measure-
ments using a swept retarding potential analyzer to generate an angularly resolved IEDF.
Using an adjustable Hall thruster, plumes ranging from highly divergent to over-focused
were fully characterized and compared to the anode efficiency calculated using thrust stand
measurements. Both centerline and spatially resolved measurements of the IEDF were suf-
ficient to accurately measure the voltage utilization efficiency on well focused plumes. As
the plume diverged, more complex plume structures were observed, and only the spatially

resolved measurement maintained agreement with the thrust stand based efficiency. .

The third approach to expedite Hall thruster development created a method to rapidly
and autonomously optimize thruster performance. This method combines rapid thrust mea-
surement, thruster-in-the-loop control, and derivative-free optimization schemes to automate
thruster optimization and rapidly find operational areas of interest, thus reducing the reliance
on current-voltage-magnetic field (IVB) maps. Rapid thrust measurements are achieved by
comparing test points to a known operating point, allowing fast and accurate thrust mea-
surement while minimizing the effects of long-term thermal drift. Fast mapping of a Hall
thruster’s operation was demonstrated at 72 test points per hour, with an average thrust mea-
surement error of <1% compared to conventional thrust measurements. Two-dimensional
(thruster discharge voltage and magnetic field strength) Nelder-Mead and Powell optimiza-

tion schemes are shown to converge rapidly to maxima in total efficiency or specific impulse



in fewer than 15 test points. The Powell optimization scheme remained effective in five
dimensions, further increasing the peak thruster efficiency while adjusting three additional
thruster dimensions (keeper current, cathode flow fraction, and magnetic field skew).

The fourth approach developed a method for autonomous optimization and modeling
of an electric thruster that applies Bayesian optimization on a Gaussian Process Regression
model generated in real time from experimental telemetry. The method can be combined with
a prescribed objective function and optimization scheme to optimize the thruster for different
mission objectives. A notional extrasolar probe mission powered by a Hall effect thruster is
considered as an example where the goal of the optimization is to find the propellant gas
mixture (argon:krypton:xenon) that minimizes overall mission cost. The results show that
a thruster running on a mixture ratio of 11:87:2 benefits from a 7% reduction in total cost
compared to the same thruster running on pure xenon. Analysis of the model reveals how the
optimal propellant mixture depends strongly on propellant storage technologies, fluctuations
in propellant price, and launch costs. Results from this analysis match trends seen in the

commercial market with the move to cheaper propellants.
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Chapter 1

INTRODUCTION

Electric propulsion (EP) is a subset of rocket propulsion, used to produce thrust for
spacecraft attitude adjustment, orbital maneuvering, and drag compensation [1, 2]. EP is
advantageous, primarily due to the high specific impulse of electric thrusters, allowing for
significantly lower propellant mass, or significantly higher total impulse [3]. Hall thrusters, a
type of EP system, are the most common form of electric propulsion on spacecraft currently
in orbit [4]. The key advantages of Hall thrusters over other EP systems are their high thrust
to power ratio, and relative simplicity and mass of the power processing unit (PPU). A Hall
thruster consists of an annular channel with a combined anode and gas supply/distribution
system at the rear, see Fig. 1.1. A magnetic circuit, constructed of high magnetic perme-
ability material and electromagnets, creates a radial magnetic field near the exit plane of the
channel. The field strength is such that electrons in the field are magnetized with a Larmor
radius significantly shorter than the channel width. These magnetized electrons drift in the
azimuthal direction due to the E' x B field, creating a Hall current, but are restricted in the
axial direction. The electrons of the Hall current, and anode biased to a high potential, drive
the axial electric field in the channel. As the field lines are thermalized equipotential lines,
the magnetic field shape defines the electric field within the thruster, see Fig. 1.2. Plasma is
isolated from the magnetic material with insulating ceramic walls and pole caps, although
conducting wall concepts have been successfully demonstrated [5, 6, 7, 8]. Propellant in-
jected into the rear of the channel, is ionized by the channel electrons and accelerated by the
electric field, producing thrust. These high energy ions, combined with electrons from the

cathode, form the thruster plume.
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Figure 1.1: A cross section of a Hall thruster with a centrally mounted cathode showing the
standard layout of features.

1.1 Motivation and Research Direction

Hall thrusters are a relatively mature technology with over 50 years of flight heritage. Devel-
opment started in the Soviet Union in 1962, with the first launch and successful operation on
the Meteor satellite in 1972 [9]. In the 1990’s, the fall of the Soviet Union caused Russian de-
sign bureaus and agencies, including Fakel, Keldysh, and Tsniimash, to export thrusters and
technology, greatly increasing the number of parties involved with research, development,
and application [10]. Hall thruster efficiency, thrust to power ratio, and specific impulse all
reached desirable levels, with lifetimes reaching 10,000 hours [9, 10]. Geostationary satellites
have historically been the primary use of EP in spacecraft, and initially favored resistojets
on western satellites until ~1994, when arcjets and gridded ion thrusters took significant
market share [4]. Since 2012, Hall thrusters have surpassed the other thruster types to be

the most commonly flown EP system.



In recent years, Hall thruster design and mission use has seen a dramatic shift. There are
two primary drivers to this shift: the advent of magnetic shielding in Hall thrusters provid-
ing significantly longer lifespans [11, 12]; and the rise of ‘New Space’ with the accompanying
shift in thruster development and mission architectures [13, 14, 15]. This section will detail
the effect of these two shifts and describe how they have guided the direction of research
presented in this dissertation. Firstly, the influence of magnetic shielding on thruster design
will be described, along with the research aimed at understanding and mitigating it’s draw-
backs. Then, the influence of ‘New Space’ is described, with specific focus on the desire to
cheaply and rapidly develop new thrusters, leveraging automation, machine learning, and

other computationally intensive methods.

1.1.1 Magnetic Shielding of Hall Thrusters

Prior to the advent of magnetic shielding, the erosion of ceramic channel insulators was the
most dominant cause of Hall thruster end-of-life. To minimize this erosion in unshielded
thrusters, magnetic field lines were designed to be convex towards the anode with increasing
strength towards the wall [16]. The field shape focused ions towards the peak electron density
at the center of the channel, reducing the erosion and thermal loading, and focusing the ion

beam, see Fig. 1.2.

Unshielded Magnetic Shielding

Plasma Potential| High Low |

Figure 1.2: The magnetic field shape and plasma potential within the channel in unshielded
and shielded Hall thruster configurations.



Magnetic shielding developed from this concept, extending the convexity in the channel
so the field lines are tangential to the insulator at the front of the thruster. Magnetic
shielding was discovered after a 10,000 hour test of a BPT-4000 thruster effectively stopped
eroding after 6,000 hours of operation [11, 12]. The erosion was found to be tangential to
the field lines along the outer boron nitride rings, and when stopped, was the first extended
lifetime test with no measurable channel erosion. Since this test, magnetic shielding of Hall
thrusters has been demonstrated to drastically reduce the rate of erosion on the boron-nitride
channel walls to less than 1/1000th of its unshielded counterpart [12, 17]. The degree of this
reduction is sufficient to remove channel erosion as the primary cause of end-of-life, with the
most significant point of erosion now occurring on the front poles of the thruster, where the

magnetic field lines from the channel intercept the surface [18, 19, 20, 21].

However, the switch to a magnetically shielded configuration moves the Hall current, and
acceleration and ionization regions downstream, increasing plume divergence. Tests on both
magnetically shielded and unshielded versions of the H6 Hall thruster showed an increase
in divergence half angle from 15 to 20 degrees and a decrease in divergence utilization of
5.2% [17]. Increased plume divergence, and the increased ion current at high plume angles
associated with it, has the additional problem of energetic ions impinging on spacecraft
surfaces. This can lead to erosion or damage, particularly changing the electrical, thermal,
and optical properties of sensitive equipment [22]. Figure 1.3 shows Hall2De simulations
of the H6 Hall thruster in both shielded and unshielded configurations. The differences
in plasma structure are stark, with the potential drop pushed beyond the exit plane of
the thruster and a significant increase in electron temperature in the shielded version. Of
most interest to this dissertation, are the vectors of singly charged ion density overlaid on
the electron density simulation. While the unshielded thruster has a relatively collimated
plume, the shielded counterpart has a significantly more divergent plume, with the curved

acceleration region beyond the channel causing a far wider range of ion trajectories.

The optimization of plume divergence in non-shielded thrusters has seen a range of meth-

ods. Altering the pole piece shape and position [24]; the use of trim coils to adjust exit plane
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Figure 1.3: Changes to the plasma structure in the channel of the H6 Hall thruster in
unshielded (US), and magnetically shielded (MS) configurations showing plasma potential
(top), electron temperature (middle), and electron density with vectors of singly charged ion
density overlaid. From [23].

field angle and channel plasma lensing [25, 26, 27]; and adjusting coil currents to affect both
field shape and strength [28] have all been successfully demonstrated.

Mitigating the plume divergence of magnetically shielded thrusters has seen less inves-
tigation, particularly in low power Hall thrusters. A 200 W thruster, built to investigate
plasma-wall interactions, has been operated in both shielded and non-shielded configura-

tions [29]. It demonstrated reduction of erosion on the channel walls and continued ero-



sion of the front pole consistent with observations of high power magnetically shielded Hall
thrusters. The erosion rates on the wall and inner pole were assessed by observing the areas
of net erosion and sputtered carbon deposition. Ion velocity distributions in the channel
near the exit plane were assessed with non-invasive Laser Induced Fluorescence spectroscopy
(LIF) to determine the ion velocity distribution functions (IVDF). The magnetically shielded
configuration showed significantly lower ion density, flux and energy close to the wall. LIF
measurements also showed areas of high electric field strength further from the center-line of
the channel in the shielded configuration. The location of this high field region stems from
the increase curvature and strength of the magnetic field lines close to the exit plane seen in
Figures 1.2 and 1.3.

The conclusions drawn from the LIF data collected agrees with a first principles analysis
published on combined simulation and experimental data from existing literature [30]. The
study concluded that two base mechanisms are primarily responsible for the reduction in
erosion: reduction of the ion flux to the wall, and a reduction of energy of ions colliding
with the wall. Both are due to the shift in ionization and acceleration regions downstream
towards and past the exit plane, and the contoured field modifying the potential gradient
in the near-wall region. Continued analysis suggested that plasma lensing was a key area of
interest for reducing the plume divergence of the magnetically shielded geometry.

Iterations on the MaSMi thruster have significantly reduced the curvature of the field
from the magnetic poles into the thruster, resulting in a significant increase in divergence
utilization efficiency [31, 32, 33, 34]. Figure, 1.4 shows Hall2De simulations of electron
temperature in the MaSMi-60 and MaSMi-DM thrusters. The updates to MaSMi for MaSMi-
LM2 and MaSMi-DM reduced the over-shielding at the walls of the thruster, and show
significantly less curvature in the high electron temperature region at either side of the
channel. Total efficiency in the DM test improved to 41%, a > 25% improvement over the
previous magnetic field configuration.

The curvature of the magnetic field over the pole and into the channel is used to define

the shape of the walls in shielded thrusters. The field line that is closest to the contoured
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Figure 1.4: Hall2De simulations of a) MaSMi-60 Hall thruster showing the electron tempera-
ture around the exit plane of the channel and b) MaSMi-DM with the updated field showing
reduced curvature and shift in the electron population. [33, 34]

wall is the grazing line. The grazing line can influence the plasma interaction with the
wall and has been demonstrated to significantly affect shielding efficacy and thruster perfor-
mance [35]. Performance measurements of a thruster with a consistent magnetic field shape
were compared with a series of channel wall profiles. Fach wall was contoured to match
grazing lines, defined by different magnetic field strengths on channel center-line. Figure 1.5
shows the grazing lines used in the experiment, and their field strength at the midpoint of
the channel. The lines tested ranged from 5 to 36% of the peak field strength, each with a
matching chamfer on the wall. The deepest grazing lines, 5 and 12%, minimized erosion but
suffered a performance penalty compared to the 20% experiment. Grazing lines higher than
20% of peak had significantly more erosion and dropped anode efficiency by > 10%.

Trim coils have been used to alter the field angle through the acceleration region of the
plasma with a significant effect on the plume divergence [36]. Inclining the field towards
the inner pole in the acceleration region produced the highest efficiency and minimized
divergence when compared to flat and outwardly inclined fields, see Figure 1.6. The study
did not extend the test beyond the single inwards inclination, and therefore does not give

further information on where the peak in performance would be achieved. It concluded that
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Figure 1.5: The range of grazing lines tested with their center-line field strength (a), and
channel location, (b) [35].

within the range of field angles tested, the change in plume divergence dominated the thrust

and efficiency changes. However, the study did not analyze the other efficiencies within the

thruster.

This result is in contrast to an earlier study from the same institution, which studied
the effects of field inclination on a non-shielded thruster. The non-shielded thruster was
operated in three field configurations of varying inclination, adjusted by varying the current
in the magnets. It found a minima in the plume divergence in the configuration with no
inclination [37]. Comparing the photos of the plume between the two studies, the non-
shielded thruster focused the plume to a similar distance downstream to the inwardly-inclined

configuration of the shielded thruster.

The additional plume divergence observed in these magnetically shielded thrusters moti-
vated the first research direction of this dissertation: the development of an adaptable Hall
thruster to study the effect of plume structure on magnetically shielded thruster performance,

and to develop methods to mitigate the increased divergence.
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Figure 1.6: The magnetic field inclinations used by Liu et al.. a) inwardly inclined, b) non-
inclined, and c¢) outwardly inclined. From [36].

1.1.2 Machine Learning in EP

The second main direction of research in this dissertation is motivated by the rise of ‘New
Space’ which has seen decreasing costs for access-to-space and a rise in small satellite con-
stellations, driving the need for a greater number of systems that are cheaper to design, test,
and manufacture. The advancement of the machine learning field and parallel increase of
available computational power provides our direction to explore this motivation, equipping
us with new tools to tackle these problems, developing thrusters more efficiently and quickly.

Computationally driven development processes, including machine learning and algo-
rithmic optimization, are well suited to the challenges of electric propulsion and have been
demonstrated across a wide range of applications, including: developing Hall thruster scaling
laws [38], reducing particle-in-cell (PIC) simulation time [39], characterizing physical pro-
cess within a Hall thruster [40], predicting Hall thruster performance to enable increased
autonomous control [41, 42], predicting Hall thruster erosion [43], aiding in the structural
design process of Hall thrusters [44], automating advanced magnetic circuit design [45], and

optimizing multi-frequency heating in an Electron Cyclotron Resonance (ECR) thruster [46].
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However, there are key areas where these methods can be applied that remain unexplored.
Specifically the characterization and optimization of electric propulsion systems, which has
traditionally been conducted over long test campaigns. A significant component of that is the
performance and stability mapping across a range of current-voltage-magnetic field (IVB)
configurations [47, 48, 49]. IVB maps are useful for characterizing the global performance
and more thoroughly analyzing changes in design [50]. However, mapping performance across
the many dimensions of a thruster is costly in propellant and facility use, and development
time. As Hall thrusters exhibit a range of physics that are difficult to model, development
relies heavily on these experimental results to inform models and design iterations [51].
The results of these campaigns are typically very large data sets with methodical analysis
of single variables, often relying on human interpretation to relate variables with complex
dependencies [52, 53]. This approach is expensive and time consuming, and while successful,

there is a need for more advanced methodologies.

This leads to us in two directions. While both methods leverage automation and computa-
tionally driven optimization, they differ greatly in their use. The first direction aims to expe-
dite data collection, and rapidly find operational areas of interest. The second method shifts
the trade-off from speed to understanding, aiming to capture the complex inter-dependencies

of Hall thruster operation, and to improve analysis of these high dimensionality systems.

1.2 Thesis Structure

Having discussed some of the motivations and research directions of interest, we must define
the primary research question that guides the work presented in this dissertation and outline
the four primary studies presented in chapters 3-6. The primary research question of this

dissertation is:
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How can we advance the techniques used in electric
propulsion research to more effectively, efficiently, and

expeditiously characterize and develop thruster systems?

1. The ACME Hall Thruster. A magnetically shielded Hall thruster with a movable
inner pole has been constructed to investigate the influence of magnetic field shape on
thruster operation. The use of magnetically shielded geometries has been demonstrated
to drastically reduce the rate of erosion on Hall thruster channel walls. However, the
switch to a magnetically shielded configuration can increase plume divergence con-
tributing to a decrease in efficiency and thrust. Varying the magnetic field shape near
the exit of the thruster has been demonstrated to decrease plume divergence, however,
the impact on thruster behavior is unknown. The influence of the inner magnetic pole
position, and therefore topology of the magnetic field, on thruster performance is in-
vestigated with Faraday probe, retarding potential analyzer, ExB probe, and thrust
stand measurements. This chapter will cover the design, initial test campaigns, and

thruster updates of the ACME Hall thruster.

2. Plume Characterization with Spatially Resolved Ion Energy Distribution
Measurements. Standard methods for characterizing thruster efficiency using plume
diagnostics are insufficient for electric propulsion systems with unknown or highly di-
vergent plume structures. The standard practice of measuring a center-line Ion Energy
Distribution Function (IEDF) is compared to spatially resolved IEDF measurements
using a swept Retarding Potential Analyzer (RPA) to generate an angularly resolved
[EDF. Using an adjustable Hall thruster, plumes ranging from highly divergent to
over-focused were fully characterized. This chapter compares to the anode efficiency

calculated using thrust stand measurements to the full plume characterization with
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both traditional and angularly resolved IEDF's to investigate methods for more com-

plete plume characterization.

. Rapid Thruster-in-the-Loop Optimization for Hall Thrusters. In order to
expedite Hall thruster development, a method to rapidly and autonomously opti-
mize thruster performance was created. This method combines rapid thrust measure-
ment, thruster-in-the-loop control, and derivative-free optimization schemes to auto-
mate thruster optimization and rapidly find operational areas of interest, thus reducing
the reliance on current-voltage-magnetic field (IVB) maps. Rapid thrust measurements
are achieved by comparing test points to a known operating point, allowing fast and ac-
curate thrust measurement while minimizing the effects of long-term thermal drift. Fast
mapping of a Hall thruster’s operation was demonstrated at 72 test points per hour,
with an average thrust measurement error of <1% compared to conventional thrust
measurements. This chapter assesses two-dimensional (thruster discharge voltage and
magnetic field strength) Nelder-Mead and Powell optimization schemes for their ability
to rapidly converge to maxima in total efficiency or specific impulse. These schemes are
then applied to five-dimensional optimization of Hall thruster performance to evaluate

their usage to higher dimension systems.

. Modeling and Optimization of Propellant Mixtures for Hall Thrusters. A
method is proposed for autonomous modeling and optimization of an electric thruster
that applies Bayesian optimization on a Gaussian Process Regression model gener-
ated in real time from experimental telemetry. The method can be combined with
a prescribed objective function and optimization scheme to optimize the thruster for
different mission objectives. A notional extrasolar probe mission powered by a Hall
effect thruster is considered as an example where the goal of the optimization is to
find the propellant gas mixture (argon:krypton:xenon) that minimizes overall mission
cost. This chapter investigates the use of Gaussian Process Regression based surrogate

models and of Bayesian optimization to model and optimize for thruster performance
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and mission cost for a set of sample missions. Further analysis of the model is used
to relate the optimal propellant mixture to different propellant storage technologies,
fluctuations in propellant price, and launch costs, including comparisons to trends seen

in the commercial market.
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Chapter 2
TEST FACILITIES AND DIAGNOSTICS

As electric propulsion systems are built to operate in space, the testing of EP systems
is dependent on vacuum facilities to simulate the space environment, and diagnostics to
characterize thruster operation and plasma properties. This chapter will detail the common
test equipment used across the test campaigns presented in this dissertation. Where a
test campaign diverges from the methods presented here, the updated and methods will be

presented in the appropriate chapter.

2.1 The Space Test Facility (STF)

The SPACE Lab Space Test Facility (STF) is a 3 m® chamber, pumped by up to three CP-
20 and one CP-12 Sumitomo cryopumps and a Shimadzu TMP-V2304 turbopump giving a
total pumping speed of > 26 kL /s for krypton and a base pressure of < 1 x 10~7 Torr, see
Fig. 2.1. An all-metal gas feed system with two Alicat mass flow controllers deliver research
grade 99.9999% krypton to the anode and cathode. Pressure is monitored by a nude ion
gauge behind the thruster exit plane. Down stream of the thruster, a water-cooled graphite
beam dump takes the majority of the beam energy while other downstream areas of the
chamber are coated with a layer of graphite to reduce sputtering from the thruster plume
and therefore reduce deposition of material onto the thruster. STF will be used for the test

campaigns detailed in chapters 3-5.
2.2 The Space Test Facility 2 (STF-2)

The SPACE Lab Space Test Facility 2 (STF-2) is a 5 m? stainless steel chamber, pumped by

two custom cryosails and a Varian TV-551 turbopump totaling a pumping speed of > 75 k./s
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Figure 2.1: A Schematic of the STF showing the position of the diagnostics, chamber sections,
and test equipment.

for argon, > 60 kL /s for krypton, and > 50 kL /s for xenon, with a base pressure of < 2x 1078
Torr. The inner walls of the chamber are lined with an ethanol-cooled cryo shrouds at -55
°C which is thermally isolated from the walls of the chamber by MLI blankets. Downstream
of the thruster, an ethanol-cooled graphite beam dump takes most of the plume energy,
while other downstream areas of the chamber are coated with a layer of graphite to reduce
sputtering from the thruster plume and reduce deposition of material onto the thruster. An
all-metal gas feed system with four MC-500 Alicat mass flow controllers delivers research
grade 99.9999% argon, krypton, and xenon to the ACME anode and cathode. A baffled
nude ion gauge monitors the pressure at the midpoint of the chamber. STF-2 will be used

for the test campaign detailed in chapter 6.

2.3 Thrust Stand

The characterization of electric propulsion system thrust is challenging due to limitations of

the test environment and thrust/weight ratios as low as 1/1000 [54]. While chemical rockets
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Figure 2.2: The STF-2 showing the position of thruster, thrust stand, and chamber sections.

are able to utilize load cells for direct measurement, electric propulsion systems typically rely
on the motion of a pendulum to separate the effects of gravity and thrust [55]. However,
the sensitivity of the thrust stand is directly proportional to the deflection, and therefore
the length of the pendulum arm. As a result, their size is now a primary restriction to their
sensitivity. If we also consider facility effects, which are minimized by centering the plume

within the chamber, the available length for a thrust stand pendulum is further reduced [56].

The lowest thrust levels (nN- uN) use torsional pendulums which provide the highest
sensitivity levels and restrict motion to a plane perpendicular to gravity. They can be sus-
pended by torsion flexures, thin filament, or be even magnetically levitated to minimize
external forces [57]. Inverted and hanging pendulums are more typically used for measure-
ments above 1 mN [55]. Greater sensitivity can be derived from an inverted design as gravity
acts to amplify the deflection [58]. Hanging pendulums are more commonly used for simpler

designs, although they have been used with the addition of mechanical amplification across
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a broad range of thrust levels [59].

Figure 2.3, shows a review of thrust stands with published results in EP testing. This in-
cludes stands with additional factors such as double and counter-weighted pendulums [54, 60].
SPACE Lab required a thrust stand capable of measuring low thrust 10 W systems to high
thrust multi-kW systems, all while keeping the thruster on the chamber center-line of STF.
This presents a significant challenge to capture such a wide range of thrust measurements
which span the two regions dominated by vertical and torsional configurations. To achieve
this, a novel concept was created where the thruster was ‘nested’ in an inverted pendulum
which was itself mounted in a water-cooled shroud. The thrust stand uses interchangeable
flexures and adjustable eddy current damping, and is capable of a wide range of steady
thrust measurements from 100 uN - 1 N [68]. A Keyence IL-100 laser with IL-1000 amplifier
samples the position of the thruster at rate of 1 kHz from within the water-cooled shroud,
where it is shielded from the plume and thermal radiation. The thruster mount is electrically
isolating and provides additional thermal standoff. A waterfall feeds electrical, gas, water,

and thermocouple connections through the shroud and to the thruster. Figure 2.4a shows
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Figure 2.3: A review of thrust stands (taken at the time of thrust stand design), comparing
their thrust measurement range to their size. Data is from published test results, actual
ranges are likely larger. Source: A [60], B [54], C [61], D [62], E [63], F [59], G [64], H [65],
I [66], J [67].
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Figure 2.4: a) ACME mounted to the thrust stand outside the STF. b) A sample thrust
measurement taken during the V2 test campaign.

ACME mounted to the thrust stand which sits on linear bearings and a rail system. This
allows the anode and pole position to be reconfigured without removing the thruster from
the thrust stand.

The process of measuring thrust consists of ignition, adjusting the thruster controller to
the desired parameters, and waiting for thermal steady state. On reaching steady state, the
thruster is shutdown and the thrust delta is measured. A single calibration mass is added
and removed to confirm the calibration taken before testing. A plot of the thrust signal
during shutdown and calibration is shown in Fig. 2.4b.

An additional thrust stand was built for STF-2, derived from the same design but without
the use of the ‘nested’ geometry. As with other SPACE Lab thrust stands, interchangeable
flexures and adjustable eddy current damping gives a wide range of steady thrust measure-

ment.
2.4 ExB Probe

Calculating the mass and charge utilization efficiencies requires the charge state of the beam
ions, measured using an ExB probe. Ions enter the probe through a collimated aperture

and traverses a region with perpendicular electric and magnetic fields. Ions in this region
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Figure 2.5: a) A schematic showing the electrical setup of the ExB probe. b) ExB data
with Gaussian fits for three charge states of Krypton measured.

experience a Lorentz force of F' = q(F + v X B) as they travel through the fields. If the ion
velocity is such that the net force is zero, it passes through the region and is measured by a
collector at the rear of the probe. As different ion charge states are accelerated through the
same discharge potential in the thruster, they will have different velocities, and will therefore
require different electric field strengths to counteract the v x B drift. Measuring the collected
current as the electric field strength is varied, gives distinct peaks in the signal corresponding
to different charge states.

The ExB probe is positioned 10 thruster diameters downstream (0.67 m) of the exit plane,
offset from the centerline of the chamber to align with the thruster channel. Figure 2.5a shows
the electrical setup of the ExB probe. Plasma from the thruster moves through a 35 mm
long, 0.5 mm diameter collimator, into the probe housing. A Kepco BOP-500 driven at 1 Hz
applies a 0 - 7000 V/m electric field, while permanent magnets apply a 1300 G field. The
collector current is measured by a Keithly picoammeter.

Analysis of the peaks in the signal for each charge state can be done in several ways:
peak height, triangle fitting, Gaussian and double Gaussian fitting, and variable exponential
fitting are all accepted methods [69, 70]. Figure 2.5b shows a Gaussian fit of three Krypton

charge states to the ExB probe signal. The gaussian method was used for this data analysis
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as it was most effective at dealing with the overlap due to the broad peaks for each charge

state.

Gaussian fitting starts with the first peak location, V;, taken at the point of highest
current, while subsequent peak locations are set at V;1/Z; V for the ith charge state due
to the ion velocity, v, scaling with v o \/m where Z; is the ion charge state, V' is the
potential the ion is accelerated through, and m is the ion mass. Iterative Gaussian fits were
calculated to minimize both the total and absolute residuals of the summed Gaussians. The
integrated area under each gaussian is the total signal collected for each charge state. This

is used to calculate the current fraction of a charge state, €2, as

k3

I,
Q =-— 2.1
[d7 ( )

where I, is the current due to ions of charge state ¢ being collected, and I, is the total current

collected. The charge utilization efficiency, 1, , can then be calculated as

Q.
> %

using the sum of current fractions for each charge state. The charge utilization efficiency
quantifies the losses due to multiply charged ions. As ionizing the propellant requires sig-
nificant energy, doubly and triply charged ions have used additional energy that could have
ionized additional propellant, while also using more power as they are accelerated to higher

velocities.

2.5 Faraday Probe

Calculating the divergence and current utilization efficiencies requires an angularly resolved
ion current density of the thruster plume. This is measured using an nude Faraday probe

consisting of a collector and a guard ring, biased to a negative potential. Incoming ions
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are collected by the probe and the current is measured, giving the ion current density over
the known collection area. The negative potential repels electrons and must be sufficient to
maintain ion saturation to ensure all ions are collected. The guard ring and the thin gap
to the collector are designed to maintain a flat uniform sheath across the entire collector

surface.

Far field measurements of the Hall thruster plume current density are taken with a
Faraday probe mounted to a swept arm, see Fig. 2.6a. The probe sweep, driven by stepper
motor, is limited to £90° by the thrust stand shroud. Although experiments on spacecraft
interaction have shown measurable plume as far as 140° from thruster centerline [71], the
sweep to 90° covers > 99% of the plume current. A hemispherical coordinate geometry is
used with the axis of rotation on the thruster exit plane, and the collector positioned at 0.54
m or 8 TDD. The thrust stand can deflect by up to 0.5 mm during operation, which amounts

to 0.09% of the arc radius, with insignificant effect on the measurement.

The probe has a planar collector and guard made from 0.5 mm thick 99.9% molybdenum
and is similar in design to probes used in literature [72]. Alterations to the construction give
a clean front face and a tight gap between the collector and guard ring. The molybdenum
is mounted to an alumina silicate backing with only four narrow tabs connecting inner and

outer sections. This allows the plume impinging on the gap to be sufficiently vented.

(b)

......... [
TLP7920
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Amplifier
Guard 4 -
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—

Figure 2.6: a) The Faraday probe mounted to the stainless steel arm. b) The measurement
circuit used for the Faraday probe.
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Probe dimensions were chosen based on recommended practices [73] as a balance between
angular resolution and signal for the wide range of thrusters tested in the STF. The collector
has a diameter of 12.5 mm which gives an angular resolution of 1.25° at 8 TDD. The gap
between the collector and guard is 0.4 mm and is sized to maintain a flat sheath on the probe
while being reliably machinable. The probe is mounted 50 mm upstream of the stainless steel
arm to reduce the influence of the conducting structure which is electrically floating, thus

not providing a low impedance path to ground for the beam electrons.

Figure 2.6b shows the circuit used to take the current density measurements. The current
is measured across a 100 €2 shunt resistor using a floating differential measurement. A
TLP7920F optically-coupled isolated amplifier conditions the floating measurement for the
DAQ and has excellent common mode noise rejection. For all tests, the probes are biased to
-30 V with a DC power supply to maintain the potential in the ion saturation region. The
shunt resistor was sized to limit the the potential drop on the collector and maintain ion
saturation. The circuit was calibrated and the signal checked for linearity using a series of

applied resistances to ground, generating known currents.

The probe current is dominated by beam ions towards the centerline of the chamber.
However, as the probe moves away from the centerline, charge exchange (CEX) ions become
significant. This effect is exacerbated with increasing background pressure. Correcting for
CEX ions in the Faraday signal is a major source of uncertainty in the total beam current
and divergence measurements due to the relatively large area the signal is integrated over. In
the far-field, recommended practice is to characterize the facility effects on the measurement
with a series of tests at a range of background pressures [73]. A linear regression of current
density as a function of pressure is used to achieve an expected current density in total
vacuum. Alternatively the linear or extrapolated-wing method for correcting Faraday probe
data can be used [74, 75]. This method takes the derivative of the current density in the
plume dominated region and extrapolates it with an exponential fit to 90°. The uncertainty
in the extrapolated-wing method increases significantly with more divergent plumes where

the shape of the central plume does not fit the exponential decay. Tests of these methods
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and their comparison to a novel method proposed in this chapter are detailed in Section 4.2.
The current from the probe must be corrected for the effective probe collection area, and

secondary electron emission (SEE) [73]. This gives and effective current density, J, as

I
J=—5"k (2.3)
AC + K/G SEE?
where J is the current density, I¢ is the collector current, Aq is the collector area, k, is the
effective probe collection area, and ksgg is the secondary electron emission correction. The
effective probe area correction accounts for the thickness of the molybdenum probe surface,

which gives additional surface area for ion collection in the gap between the collector and

guard ring. The effective probe collection area, x, is

2R h
I o 2.4
Kg =7( GR C) (27TRCh + 271'Rth) 7 Y

where R, is the outer radius of the collector, R, is the inner radius of the guard, and h
is the thickness of the molybdenum. The thin molybdenum collector of the probe used has
a thickness of 0.5 mm, resulting in a negligible value of .. Although molybdenum has a
low SEE yield, the number of sputtered electrons that accelerate away from the negatively
biased surface is enough to increase the measured current, and must therefore be accounted

for. The secondary electron emission correction, ksgg, is

1
Rspe = T 0, (25)

1+ 30, 5
where €2, is the current fraction of the ion charge state i as measured with the ExB probe,
Z; the ion charge state, and ~; is the charge state dependent SEE yield of molybdenum. The
values used are y; = 0.022, v, = 0.20, and 3 = 0.70 [73]. The correction is the fraction of
measured current due to beam ions, out of the total measured current.
The corrected current density is used to calculate both the current and divergence uti-

lization efficiencies. The divergence utilization efficiency, 77,, measures the plume divergence
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and shows the efficacy in the ions at producing thrust. Ions that travel directly downstream
contribute all their momentum to the thruster, while highly divergent ions contribute very

little to the desired thrust vector. It is defined as
Iaxial 2
= | == 2.
& (Ibeam> ’ ( 6)
where the total current in the beam is
%
Toeumn — 27 R / 7(0)sin(6) do, (2.7)
0
and the current in the axial direction is
%
Loviat = 272 / J(0)cos(8)sin(6) do. (2.8)
0

Here, the angularly dependent current density is integrated over the hemispherical coordinate
system, at the radius of the probe sweep, R [73].

The current utilization efficiency, 7, measures what fraction of the discharge current that
is converted to beam current. It is the flux of ions leaving the thruster, and is reduced by

electron flux to the anode. It is defined as

Ibeam

where I; is the nominal discharge current of the thruster.

The mass utilization efficiency, 7,, = 17,/m,, is defined as the ratio of the mass flow of
beam ions, 1y, to the total mass flow rate through the anode, r,. 7, represents the fraction
of the propellant that is ionized and accelerated. Neutrals that exit the thruster are wasted

as they produce very little thrust. Using the quantities measured above, we can calculate

N S

andM Q
= =), 2.10
= 12222 Z(Z) (2.10)
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where M is the propellant atomic mass, and e is the electron charge.
2.6 Langmuir Probe

A cylindrical Langmuir probe with a diameter of 0.8 mm and length of 10 mm was used to
characterize the plasma potential of the plume. The probe was mounted the same rotating
arm as the Faraday probe and RPA with a lateral offset of 10 cm to minimize interference and
with the electrode pointing directly at the center of the thruster. A series of measurements
were taken between 0 and 90° in 15° increments to characterize the plasma potential needed
to correct the RPA measurements. The probe is swept between -150 and 150 V at 1 Hz by
a Kepco BOP-500M and the current measured across a shunt resistor. Figure 2.7 shows a
typical Langmuir probe signal. A fit of the log of the current from the Langmuir probe is
taken, with the plasma potential ¢, taken as the point where the exponential current growth

transitions to linear growth, resulting in a ‘knee’ in the log trace.
2.7 Retarding Potential Analyzer

Calculating the voltage utilization efficiency, and comparing the efficacy of the center-line and

angularly resolved IEDF methodologies, requires RPA measurements of the plume. The RPA

(a) —— Log Langmuir Probe Signal

= anuster Beam A e Fit
------ Plasma Potential

(b)

‘ Plasma

s )
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T H
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N

210 -5 0 5 10 15 20
Probe Bias (V)

Figure 2.7: a) The electrical setup of the Langmuir probe. b) A sample Langmuir probe
trace showing the natural log of the current, and ‘knee’ at the plasma potential.
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consists of a conducting aluminum body which houses four parallel grids and a collector. The
first grid is electrically floating to minimize perturbation to the plume plasma. The second
grid in the RPA is negatively biased and repels electrons. Plume ions passing through these
grids reach the third grid, which is biased to a positive potential. Ions with a higher energy
than the grid potential will pass through it, while ions with lower energies will be retarded.
As the retarding grid potential increases, so too does the fraction of the beam ions retarded.
We therefore take the first derivative of the collector current as the IEDF, as it represents
the current from ions with energy equal to the retarding potential. The grid potential is
increased until all ions have been retarded and the collected current is 0. The fourth grid is
negatively biased to repel electrons caused by secondary electron emission from ion impacts

beyond the second grid.

The RPA is mounted to the swept arm at 8 TDD (0.54 m) of the exit plane. It is mounted
level with the Faraday probe with a 10 cm lateral offset to avoid interference. The RPA is
pointed directly at the center of the thruster with the axis of rotation of the swept arm

passing through the exit plane.

The electrical setup of the RPA is shown in Fig. 2.8a. Grids 2 and 4 are biased at -30 V .
Grid 3 is swept from 0 V to the Discharge voltage +75 V at 1 Hz by a Kepco BOP-500M, and
retards incoming ions across the full range of ion energies. The collector current is measured

using a Keithly 6485 picoammeter.

The center-line IEDF is the standard for EP and has been demonstrated to give accurate
data with the well focused plumes seen in most Hall and gridded ion thrusters [76]. With
the RPA positioned on thruster centerline in the far field, the voltage of the retarding grid
is swept and the collected current is measured. Figure 2.8b shows a typical RPA signal and
its dependence on the retarding voltage. As the retarding voltage is measured relative to
ground, the signal must be corrected for the plasma potential to get the acceleration voltage,
V,, as

Vo = Vepa — ¢p (2.11)
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Figure 2.8: a) The electrical setup of the RPA probe. b) A single point centerline RPA
measurement showing the raw current, derived current, Gaussian fit, and most probably
voltage.

where Vipa is the retarding voltage, and ¢, is the local plasma potential measured by the
Langmuir probe. The acceleration voltage is the potential a plume ion was accelerated over.

The voltage utilization efficiency, n,, = V,/Vy, is defined as the ratio of the beam voltage
Vi, to the thruster discharge voltage, V. It measures how effective the anode to cathode
potential is at accelerating ions. Propellant that is accelerated through a lower potential is
less energetic and therefore less effective at producing thrust. The value of V, at the peak
of a Gaussian fit to IEDF, see Fig. 2.8b, as the most probable voltage, V,,,, and is assumed

to represent the beam voltage across the entire plume. This gives 7,,,, as

Ny, = <V7":)>. (2.12)
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Chapter 3
THE ACME HALL THRUSTER

The Adaptive-field Central-cathode Magnetically-shielded Electric (ACME) Hall thruster
is a magnetically-shielded adaptive Hall thruster, designed to study the influence of magnetic
field structure on thruster behavior and performance. ACME is both a versatile research
device, built to enable the other research presented in this dissertation, and in itself a key
component of the research. The adaptive design allows it to be reconfigured to a wide
range of experimental setups without requiring disassembly or rebuilding. The adaptability
exhibits a continuum of plume structures from highly divergent to over-focused, see Fig. 3.1.
This chapter details the design of ACME, the test campaigns used to initially characterize

the thruster, and the design updates used to improve performance throughout it’s life.

3.1 ACME Design and Construction

To achieve the goals of studying the influence of magnetic field structure on Hall thruster
performance, we require a thruster capable of a range of field shapes while still being repre-
sentative of flight Hall thrusters. Addressing these specifics presents a challenge in design,
resulting in the ACME thruster. The thruster has three physical degrees of freedom, all in
the axial dimension: the relative position of the poles, the position of the anode, and the
position of the centrally mounted cathode. While external and centrally mounted cathodes
are both common, the changes in pole position may cause potential issues with cathode
coupling, leading to the central cathode as more favorable option.

The design of ACME follows Hall thruster scaling laws from Refs. [77, 78], only diverging
where the adjustability of the poles restricts the design envelope. The ACME design begins

with the discharge power, which is then used to define channel dimensions and the required
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Figure 3.1: The extremes of pole positions tested on ACME to date compared at 400 V, 1.5
A on krypton. The 44 mm pole position and associated photo, top, shows a highly divergent
plume. The -12 mm pole position, bottom, shows an over-focused plume. The inner pole is
located stationary in the frame of the photos, while the outer pole moves.

magnetic field strength. Combining these with the desired magnetic field shape, forms the
core of the thruster design, which drives the mechanical design of the thruster.

The thruster power is primarily limited by the pumping speed of STF, and desired back-
ground pressure based on recommended practices for electric propulsion testing [79, 80]. The
design power of ACME is 500 - 750 W is based on a discharge voltage of 300 V commonly
used in thrusters at this power level [81, 78, 82], the use of xenon and krypton propellants,
and scaling laws of thruster specific impulse and efficiency [78].

With the power range defined, the channel cross section of 16.5 cm? was calculated based
on an ideal current density range of 0.1 to 0.15 A/cm? [2]. The channel dimensions are

influenced by the magnetization of the electrons and ions, the ratio of the channel surface
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area to volume, and the inner pole diameter required to house the cathode, inner magnet,
magnetic circuit, and walls. Scaling laws of low power Hall thrusters (< 1.35 kW) give a
channel width of

h = 0.242d, (3.1)

where h is the channel width, and d is the channel mean diameter [78]. This would give
ACME a mean channel diameter of 46.6 mm and channel width of 11.3 mm, however,
designs of the inner pole required a minimum of 49 mm to fit the required structure and
magnets. Therefore, the mean channel diameter was increased to 57 mm with a channel
width of 8 mm. This gives a channel width to diameter ratio of 0.14, significantly lower than

the unshielded thrusters used for the scaling laws, but closer to the comparably shielded

MaSMi-60 Hall thruster which has a ratio of 0.157 [83].

The channel’s width determines the required electron Larmor radius, 7., for it’s confine-

ment through the magnetic field strength. This relationship is

meve(Te)
TLe = )
L eB

(3.2)

where m, mass of an electron, v.(7.) is the temperature dependent electron velocity, e is
the elemental charge, and B is the magnetic field strength. Here, we differ from the scaling
laws for unshielded thrusters due to the location of the Hall current and peak magnetic
field. Simulations of Hall thruster discharges with Hall2De, have seen significantly hotter
electrons in shielded thrusters than their unshielded counterparts[33]|, however the larger
Larmor radius is mitigated by the position of the Hall current, which is at or beyond the exit
plane of the channel. Using an electron temperature of 40 eV, taken from a representative
thruster [34], we calculate that a 250 G field is required to confine the electrons to one tenth

of the channel diameter.



31

The minimum channel depth is defined by the Melikov—Morozov criterion, such that

o v (Th)
Ai = N0 (T2 )ve(Te)

<< L (3.3)

where ); is the ionization mean free path, L is the channel depth, v, (T},) is the temperature
dependent neutral velocity, n,, is the neutral density, and o;(7,) is the ionization cross section.
Here, the ionization mean free path is < 1 mm for an ideal channel neutral density of
1.2 x 10"m™3 with an expected neutral temperature of 800 K [77]. The channel length
is therefore derived from similar thrusters, with an additional allowance for adjustment,

particularly for using alternate propellants.

The magnetic shielding profile is designed to be similar to that of JPL’s MaSMi and
shielded versions of the H6 thruster [81][23]. The magnetic field design used Finite Element
Method Magnetics (FEMM) simulations to determine the layout of the Hiperco 50A magnetic
circuit and electromagnets. After machining the Hiperco components, they were annealed to
achieve the desired magnetic properties. Figure 3.2, shows the field of ACME version 1 (V1)
after the simulation was corrected for the measured magnetic properties of the material, and

maps of the resulting field taken with axial and radial Hall effect probes.

The resulting field shape is slightly over-shielded on the outer pole, similar to earlier ver-
sions of MaSMi [32] and under-shielded inner pole. Here, over-shielded refers to an excessive
curvature of the magnetic field around the pole caps, leading to higher plume divergence.
The field is under-shielded when the curvature is insufficient to clear the pole cap and in-
stead intercepts the channel wall. At all pole positions, the center-line field monotonically
increases from the anode to a peak beyond the exit plane. Improvements to the field will be

detailed in section 3.2.2.

To achieve the desired magnetic field inclination, the thruster’s magnetic circuits are ad-
justed by physically moving the inner and outer poles assemblies relative to each other. This
allows changes to the field structure beyond changes to the inner and outer electromagnet

currents. An interface between the magnetic circuits for the inner and outer poles at the rear
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Figure 3.2: The magnetic field of ACME V1 with the under-shielded inner pole on the left
and over-shielded outer pole on the right.

of the thruster allows each pole to move as a single unit. Because the channel wall, magnet,
insulators, and Hiperco magnetic circuit all move together axially, the shape of the shielding
on each of the poles remains consistent. The magnetic circuit at the rear of the thruster
allows the magnetic flux to flow consistently across the range of pole positions. While this
enables the thruster to be a highly configurable test platform, the design comes at a cost,
requiring significantly higher magnet power than similarly sized thrusters. The thruster is
capable of 40 mm of total change in relative pole position. A +5 mm pole position, is the
most positive value possible with the thruster and corresponds to an inner pole positioned
5 mm in front of the outer pole, see Fig. 3.3. 0 mm corresponds to a flat exit plane, while
negative pole positions see the inner pole inset into the thruster.

Both inner and outer magnets are single pole designs of 15 awg wire insulated by a
high temperature silicone fiberglass wrap in a ceramic binder, limiting the thruster body
temperature to 400C. Finite element analysis of the thermal performance indicates that

localized heating of the Hiperco pole caps from the combined thermal loading of the plasma,
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U
Figure 3.3: The full range of pole positions ACME can operate in: 0 mm inner position, left;

maximum negative inner pole position of -35 mm, center; and the maximum positive inner
pole position of +5 mm, right.

cathode, and magnets, sets the temperature limit due to field saturation in the inner Hiperco
pole cap. As the inner pole has a lower radiative view factor, and higher expected plasma
heating due to the larger values of inset, it is mounted as the stationary pole to improve
conductive heat transfer. Figure 3.4 shows the conduction paths for the plasma and magnet
thermal loads. As the outer pole slides further out, it’s contact with the casing and therefore
thermal conductivity to the heat sink decreases, however, it’s ability to radiate heat improves.
Thermocouples to track the internal temperature were attached to the backside of the inner
and outer poles with a ceramic adhesive. A copper heat sink is mounted to the rear of the
stainless steel rear case. It provides a secondary function of ensuring no plasma interaction
with the electrical connections at the rear of the thruster.

The hollow cathode is a heaterless design, manufactured by Plasma Controls using
barium-based porous tungsten emitter [84]. The emitter is housed in a 1/8” tantalum tube
with a 0.51 mm orifice. The tube is electrically and thermally insulated from the stainless
steel keeper assembly by a 1/4” alumina tube. An interchangeable graphite keeper electrode
with 0.6 mm orifice is mounted at the end of the keeper assembly, 3 mm from the cathode
orifice.

The channel walls in V1 are machined from graphite to be thin enough to work with
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Figure 3.4: Conduction paths for plasma and magnet heating on version 1 of the ACME
thruster.

the movement of the adjustable magnetic circuit, while remaining within the budget of the
project. A thin coating of alumina was applied to the channel walls for electrical insulation.
Figure 3.5 shows ACME V1 before its initial test campaign. An exploded view of the thruster
and list of parts can be found in appendix A, Figs. A.1, A.2, A.3, A4, and tables A.1, A.2, A.3.

3.2 ACME Testing and Design Updates

After the manufacturing of ACME was complete, a series of experimental campaigns were
used to characterize the thruster operation. These campaigns were used to asses the thruster
for any design shortfalls, and begin studying the effects of changing pole position. This

section details two test campaigns and the resulting thruster design updates.

3.2.1 ACME V1 Testing

ACME, being the first prototype of an adaptable Hall thruster, required an initial check-
out focused on developing the ignition methodology, finding stable operating regions, and

verifying the magnetic shielding.
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Figure 3.5: The V1 ACME thruster without the centrally mounted hollow cathode . The
heat sink shown was not used during V1 250 W tests.

Figure 3.6 shows the electrical configuration used for V1 testing. The main and keeper
discharges were driven by a TDK-Lambda 600-2.6 and 600-1.3 DC power supplies respec-
tively, with EMS 100-10 and EMS 20-50 DC power supplies running the magnets. Flyback
diodes and ballast are used to protect the power supply during ignition. The discharge cur-
rent was measured by an Elditest CP6990 current probe on the cathode electrical connection
between the filter and cathode external to the chamber. The thruster is electrically floating

in this configuration.

Early visual indications showed the plasma offset from the both channel walls for field
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Figure 3.6: The floating electrical configuration used for ACME V1 testing with inductive
loads on both circuits.

Beam

strengths greater than 150 G in the 0 mm pole position. Figure 3.7 shows both external
DSLR and internal camera images of the thruster running on xenon. The DSLR image
shows darker areas near the channel walls, similar to the shielding seen on MaSMi [81]. The
sweep of the internal camera gives a clear view of the anode from either side of the channel

plasma, further indicating that the thruster may be suitably shielded.

Continued testing covered a range of voltages from 200 to 350 V, currents from 0.8 A
to 1.3 A, and magnetic fields from 140 to 280 G. This aimed to find a stable operating
point to be used in the first tests of the adjustable field concept. A stable operating range
with a well defined plume shape was found centered around 250 V, and 1 A, at the 0 mm
pole position. Table 3.1 shows the performance measured at this point. This campaign
neglected optimization, instead simply aiming to verify proper thruster operation at the
given pole positions. Measured anode efficiency and specific impulse running on xenon
matched performance figures from comparable thrusters running at similar power levels [34].

Uncertainties in performance metrics include estimated error from entrained neutrals at the
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Figure 3.7: ACME running on xenon. Left: DSLR image from outside the chamber showing
dark regions on the edge of the plasma. Right: Image from the chamber internal camera
showing a higher contrast view of the plasma.

2 x 10~° Torr operating pressure.

To investigate the changes in plume structure, ACME was run a five pole positions (+3,
+2, +1, 0, and -1 mm). In each pole position, the plume was qualitatively assessed using
DSLR Images, and the plume divergence measured using a swept Faraday probe using the
method described in section 2.5. Figure 3.8 shows the DSLR images, simulated magnetic
field, and Faraday probe trace for each pole position. The plume images clearly show a wide

plume at the +3 mm inner pole position, with an increase in focus at each step towards

Table 3.1: Thruster Performance at 0 mm on Xenon

Power 250 V, 1 A
Propellant Flow 1.1 mg/s

Thrust 16 mN +1 —3 mN
Specific Impulse 1450 s +50 —200 s
Anode Efficiency 45% +2 —8%

Total Efficiency 29% +1 —5%
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Figure 3.8: A comparison of the plume divergence across the range of pole positions tested,
showing: DSLR photos of the plume were taken at 70 mm f/4.5 1/20” ISO200; Field sim-
ulations with the average normal vector to the field; and Normalized swept Faraday probe
measurements comparing current density at each position.
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the slightly over-focused plume seen at the -1 mm position. The change in field angle due
to the pole position was quantified by integrating the radial and axial magnetic fields along
the centerline of the thruster in the ionization and acceleration regions. Taking the vector
normal to the magnetic field roughly indicate the direction of the electric field, and was used

as a predictor for the plume angle. The average normal vector, n,,, was calculated as

1O B
Navg = E Ztan_l (B—Z> (34)
i=1

where Br and By are the radial and axial magnetic fields strengths along the channel center-
line. The vector and plume angle at the exit of the channel show good qualitative agreement
and are linearly proportional for the range of positions tested.

Faraday probe sweeps show plume divergence decreasing as the pole position reduces
from +3 to +1 mm, and over-focusing when at 0 and -1 mm causing an increase in measured
divergence. The Faraday signal has been filtered for noise but has not been corrected for
facility effects which cause a broadening of the measured plume due to interaction with
background neutrals.

The gas feeds at the rear of the anode are positioned in the plane of the Faraday probe
sweep, creating regions of slightly higher density due to uneven distribution from the single
layer anode design. This was observed with the internal camera which showed brighter
plasma in two regions coinciding with the injection points. This was observed across all pole
positions and thus do not introduce significant error when comparing the plume divergence.
The range of plume divergence seen with different pole positions, and the continued magnetic
shielding of the poles is a sufficient validation of the adaptive field capabilities and meets the
goals of the V1 test campaign. The results showed that the thruster performance is similar
to other published research thrusters and that the adjustable poles were able to change the
field angle while maintaining the shielded geometry. The predicted plume angles based on
the averaged normal vectors were in good agreement with the measured plume, ranging from
wide to over-focused. This relationship agrees with the channel field inclination tests from

Ref. [36], and will be used to guide field profile updates to produce a magnetic field parallel
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to the exit plane for ACME V2.

3.2.2 ACME Update to Version 2

The design updates for V2 aim to improve the reliability of thruster operation, and enhance
the magnetic field shape through the channel and around the exit plane for more even
magnetic shielding.

During testing of V1, the alumina coating on the channel walls of the thruster showed
significant charring, limiting the duration of each test and required rebuilding between each
pole position test. Once significant charring was observed, the performance and stability
of the thruster was altered. Boron nitride (BN) walls, the most common wall material [2],
needs to be thicker than the coated graphite. Therefore, in order to use BN walls without
narrowing the channel, the Hiperco magnetic shields on either side of the channel require
machining. Characterization of the Hiperco 50A and analysis of the shield design showed
that the magnetic screens are thicker than required and can therefore be machined. A thicker
section of the shield towards the rear of the thruster is used to complete the magnetic circuit
as the outer pole moves. Therefore only a portion of the magnetic shield closest to the exit
plane can be machined to allow more room for a BN wall without affecting the magnetic flux
between the poles.

During the redesign for the walls, the shape of the magnetic shielding was updated. The
field shown in 3.2 was unbalanced due to differences between the ideal and actual magnetic
properties of the annealed Hiperco 50A used to manufacture the thruster. The shielding
on the inner pole was insufficient, with a grazing field line from the outer pole impacting
the wall on the inner pole. Figures 3.9 and 3.10 show the new BN walls and alumina pole
caps designed for ACME V2. The inner Hiperco pole cap, and both magnetic screens were
machined to create the updated field, while the walls and pole caps were chamfered to match
the desired grazing line. Using the ideal grazing line strength described in Ref. [35], the
field was contoured so the grazing line had a strength of 40 G on center-line for the 180 G

field. Shielding on the inner and outer poles is even with a consistent grazing line across
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each pole. The field at the exit plane has no axial component on centerline for the 0 mm
pole position in V2, in contrast with the inclined field seen in V1. Simulations of the field at
pole positions from -4 to +4 mm, were used to generate second order polynomial fits of the
magnet currents between 140 and 250 G for each pole position. Each pole position shows a
consistent field structure with similar curvature around the poles and channel walls, and a
monotonically increasing field with a peak past the exit plane.

The electrical configuration was updated to add a hybrid inductive-capacitive filter to
the discharge side of the circuit, see Fig. 3.11. The thruster is ignited in an inductive
configuration on both the cathode-keeper and cathode-anode circuits which prevents arcing

of the thruster by increasing the current rise time. Once operating, the inductive filter and
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Figure 3.9: ACME version 2 mounted on the thrust stand outside the STF with new BN
walls and alumina pole caps.
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Figure 3.10: FEMM simulations of the magnetic field for ACME V2 with the new wall
designs overlaid.

ballast is switched off on the cathode-keeper, and the main discharge is switched to the

capacitive filter. This electrical setup is used for V2 thruster testing.

3.2.3 Version 2 Testing

The goal of the ACME V2 test campaign was to assess updates to the magnetic field and
channel walls, and to characterize the performance of the thruster across the range of pole
positions. The tested range of pole positions, -2 to +2 mm, was similar in scope to the V1
campaign, but centered around 0 mm due to the updated magnetic field shape. At each pole
position the field simulation was compared to a channel center-line field profile, measured
using a radial hall probe. At the 0 mm pole position, 200 points mapped the magnetic field
confirming the machined magnetic circuit matched simulation. To standardize the channel
depth across changing pole positions, the anode was positioned at a set distance from the
midpoint of the exit plane (i.e. the average distance from the inner and outer pole caps).
The anode position for xenon was based channel depths of other thrusters at similar power
levels [78]. A field strength of 180 G was chosen based on the maxima of a current to mass

flow rate analysis at 0 mm.
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Figure 3.11: The floating electrical configuration with hybrid filter used for all tests in the
V2 test campaign

As in the V1 campaign, a single operating point is required for this test. Two distinct
modes were observed during the checkout and initial testing of ACME V2. Mode shifts are
changes between two regions of operation where small changes to the thruster operating
point cause large changes to thruster operation. These include: the anode gas flow required
to maintain the discharge current, thruster oscillation frequency and magnitude, stability,
plume shape, and efficiency. Figure 3.12 shows the Jet mode, left, and Diffuse mode, right.
The Jet mode was found to be dominant at higher voltages and field strengths and had a

significantly lower breathing mode amplitude.

Although under-shielded on the inner pole, the ACME V1 gave some visual indicators
of magnetic shielding with significant plasma stand-off from the channel walls. Figure 3.13a
shows a photo of the ACME V2 operating at the 0 mm position. The dense plasma in the
Hall current appears close to or at the exit plane of the thruster and has a notable offset
from the channel walls. More significantly, after testing the thruster, the BN channel walls

were uniformly carbon coated, see Fig. 3.13b. The uniform deposition of carbon on the
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Figure 3.12: The two distinct plume modes seen during thruster testing at the +1 mm
position. The Jet mode, left, and Diffuse mode, right.

channel walls is an indicator of working magnetic shielding [85]. As a point of comparison,
the thruster was run with an unbalanced field, resulting in a clean, carbon deposition-free,
band on the chamfered section of the inner wall. This indicates that a field line intercepted
that section of the BN, subjecting it to higher ion flux at higher temperatures, and creating a
region with net erosion [86, 35, 85]. Figure 3.13b also shows clean and carbon-coated regions
on the inner pole cap, indicating that the inner area has net erosion, while the edges of the
cap have net deposition. Comparing this with the field simulations shown in Fig. 3.10, shows
that this is where the field lines in the hall current region intercept the pole cap, resulting
in net deposition within the shielded region and net erosion beyond it.

A thermocouple attached to the rear of the inner Hiperco pole piece was used to monitor
temperature during testing. Balancing the field at different inner pole positions requires
changes to the currents in the inner and outer magnets, resulting in changes to resistive

heating. The inner pole experiences significant thermal loading from the plasma at negative
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Figure 3.13: a) Plasma at the exit plane showing significant offset from the walls. b) Carbon-
coated BN walls of the thruster and edge of the pole piece. The clean area, indicating net
erosion, is seen on the inner section of the pole piece.

pole positions, making temperature monitoring necessary during operation and resulting in
steady state temperatures of 380 - 420 °C. At the -1 and -2 mm positions, the operating
point was close to a mode shift and temperature dependent mode shifts were observed. This
was most likely the inner pole piece, which is under the highest thermal load and is closest to
its magnetic saturation limit in normal operation. This is similar to observations of MaSMI
from Ref. [85], which reported thermally dependent mode shifts which were linked to inner
pole saturation. In ACME, simulations of the thermally induced saturation of the inner
pole reduces the shielding strength near the channel wall. Once the field strength decreases
sufficiently, the plasma interacts with the inner wall and the discharge shifts to a Diffuse

mode.

Table 3.2 shows representative thruster performance taken in Jet mode at the chosen
operating point of 300 V, 1.33 A, at the 0 mm pole position. These performance numbers
show give an indication that the level of thruster performance is similar to other published
research thrusters [81][32]. It shows a significant performance increase over the V1 test

campaign with anode efficiency increasing from 45 to 51%. This improvement is due to
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the increased discharge voltage, increased current density, improved shielding, and Jet mode
operation.

Figure 3.14 shows a comparison of the plume divergence across the range of pole positions
tested. DSLR photos were taken of the thruster at 1/5”, £/16, ISO 200, with a 105 mm lens.
The plume shapes are visually distinct and show a wide plume at +2 mm pole position with
increasing focus with each negative step in pole position. Comparing the photos to those in
the V1 test campaign (Fig. 3.8), the V2 Jet mode plume has a distinct high density plume
directed from the channels, while the Diffuse mode plume of V1 appears less directed. The
simulated fields with the average normal vector once again show good agreement with the
visual plume shape.

Faraday probe traces taken at each position are used to compare the angularly dependent
current density. A set of measurements were taken with two pumping configurations, the
standard configuration operating at 2x 1075 Torr, and with one cryopumop gated at 4.5x 1075
Torr. These tests were used to correct for background charge exchange collisions in the wider
plume with a linear extrapolation of the current density to perfect vacuum. As with the
DSLR photos, it is clear that the focus is increasing with each step. As with the V1 test,
the divergence reaches a minima, then becomes over-focused and begins to diverge.

Using the method described in Chapter 2, the momentum weighted divergence utilization

efficiency is calculated from the Faraday probe data, see Fig. 3.15a. The 95% momentum

Table 3.2: Representative Thruster Performance at 0 mm on Xenon

Power 300V, 1.33 A
Peak Center-line Field 181 G
Propellant Flow 1.5 mg/s
Thrust 24 mN +1/ -3 mN
Specific Impulse 1615 s +50 / —200 s
Anode Efficiency 51% +2 / —8%

Total Efficiency 40% +1 / —5%
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Figure 3.14: A comparison of the plume divergence across the range of pole positions tested.
a) DSLR photos of the plume taken at 105mm f/16 1/10” ISO200. b) Field simulations with
the average normal vector to the field ¢) Normalized swept Faraday probe measurements

comparing current density at each position.
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weighted ion current ranges from a 45.7° half angle for the -1 mm position to 65.0° for +2
mm. This corresponds to a peak divergence utilization efficiency of 0.715+0.016/ — 0.009 at
the -1 mm position. The uncertainty shown in Fig. 3.15b is dominated by the uncertainty due
to the background charge exchange correction. The current utilization efficiency in Fig. 3.15b
shows a similar trend, with a maxima of 0.63 +£0.01 at 1 mm and minimum of 0.49 4+ 0.01 at
-2 mm. Although the divergence utilization efficiency was not calculated for V1, comparison
of the plume traces show a significant improvement to the plume divergence in V2.

The voltage utilization efficiency was calculated using the method described in chapter 2.
The peak of the IEDF, shown in Fig. 3.16, is highest at the -2 mm pole position, with a
plasma potential corrected peak of 287 V, and decreases significantly with more positive pole
positions.

Figure 3.17a shows the recorded thrust at each pole position. Measurements for -2 mm,
and 0 to 2 mm fit show a trend similar to the current utilization efficiency with a maxima at
0 mm. However the thrust measured at -1 mm, the position with the highest divergence uti-
lization efficiency, is the lowest thrust recorded. Figure 3.17b shows the the anode efficiency
calculated from the thrust measurement, and from the combined efficiencies. The combined

efficiency are calculated as a function of the current, voltage, and divergence utilization
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Figure 3.15: a) The momentum weighted divergence utilization efficiency of the thruster at
each inner pole position. b) The current utilization efficiency at each position.
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Figure 3.16: The maxima of the Gaussian fit of the IEDF at each of the pole positions tested.

compared to a normalized value at the 0 mm pole position. The normalized value is used

as no E' X B probe was available, and therefore the charge and mass utilization efficiencies

cannot be calculated. We see agreement in the relative values at the -2 mm pole position,

and significant deviation at the -1, 1 and 2 mm.

While all measurements were taken in the Jet mode, some operating points were closer to
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Figure 3.17: a) The thrust measured at each of the pole positions. b) The relative anode
efficiency at each pole position comparing the total influence of the efficiencies calculated.
The points are normalized to the 0 mm pole position measurement. The reference anode

efficiency at 0 mm is 51%.
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Figure 3.18: Frequency spectra at each pole position showing the change in breathing mode
frequency and amplitude.

mode transitions than others, and thermal mode transitions were observed. Figure 4.6 shows
a fast Fourier transform (FFT) of the discharge current oscillations. From the 0 to +2 mm
positions, there is a clear breathing mode frequency which ranges from 19.5 kHz at 42 mm
to 25 kHz at 0 mm. The -2 mm position shows a small second peak, while at the -1 mm pole
position, there are multiple distinct harmonics in the spectrum and the amplitude is 13.5
dB higher than at -2 mm and > 15 dB higher than the other three positions. Comparing
these to FFTs of the Jet and Diffuse mode, see Fig. 3.19, we see that the the -1 mm peak is
close to the mode transition to Diffuse mode. This could be due to the field shape moving
the mode transition closer to the operating point, or due to the previously noted thermal

dependence due to higher thermal loading on the inner pole at negative pole positions.

To relate this to the thermal dependence, a series of current measurements were taken
at increasing temperature in the -2 mm position. Figure 3.20 shows the FF'Ts of the current

signals. From a) to c) there is a clear increase in the amplitude of the breathing mode as
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Figure 3.19: Frequency spectra of the two distinct Hall thruster operating modes. Measured
at the -1 mm position with otherwise identical operating parameters.

the temperature increases, with multiple frequency peaks becoming prominent. After the
mode transition to the Diffuse mode, the multiple peaks become more distinct with a 29.3
dB increase in amplitude. Asynchronous measurements of by the Faraday probe sweep and
thrust likely resulted in differences at the -1 mm pole position, as the thrust measurement
was taken after the Faraday probe sweeps were completed, resulting in a higher thruster
operating temperature, and a thermal mode shift.

The difference in the +1 and +2 mm pole positions is less easily explained. While this is
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Figure 3.20: Frequency spectra showing the increasing breathing mode amplitude as the
temperature increases from a) to ¢). Data taken at the -2 mm position.
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only a relative comparison, the differences in these points is significant enough that it merits

further investigation and will be the focus of chapter 4 where the plume is fully characterized.

3.2.4 ACME Update to Version 2W

The next incremental update for ACME is to (V2W), with the addition of watercooling and
a new keeper design. Figure 3.21 shows the new water-cooled block and heat sink before
assembly. The concept for cooling the inner pole remains the same; heat is conducted through
the Hiperco and stainless steel to the rear of the thruster. However, the previous heat sink
has been replaced with a water-cooled 101 copper block with three channels flowing deionized
water at 20°C. The block retains the external heat sink to separate the rear connections from
plasma, and adds a copper heat shield between the keeper and the body of the thruster to
reduce the heating effects of the cathode on the inner pole.

A hollow cathode redesign extends keeper assembly, allowing for a greater range of axial
cathode locations. The new keeper electrode extends the cathode 10 mm, 5 mm of which
compensates for the watercooling block. Additional alumina insulators in 1 mm increments

can be added to position the keeper orifice exit +5 to -5 mm from the exit plane of the

Figure 3.21: a) The water-cooled block and new mounting system being test fit on the thrust
stand. b) the new parts of the ACME v2.1 setup showing the block with cylindrical cathode
heat shield, large heat sink, and modified rear casing of the thruster.
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Figure 3.22: The cathode-tied electrical configuration with hybrid filter used for all tests
with ACME V2W and V3.

thruster. The aim of this update is to isolate the effects of the inner pole movement and
cathode positioning. This is particularly important for studying the cathode coupling across
pole positions and attempting to decouple it from the voltage utilization efficiency. A study
of this effect is not part of the work presented in this dissertation, but the upgrade enables
increased capability in the thruster for future studies.

The final update is a change in the electrical configuration to a cathode tied setup. In
this configuration, the thruster is electrically isolated from the facility, and the thruster
body is tied to the cathode potential. Additional electrons that are collected by the thruster
body can be emitted by the cathode. This configuration most accurately models in space
operation of the thruster system [87]. Version 2W is used for the test campaigns described

in chapters 3 and 4.
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3.2.5 ACME Update to Version 3

The initial ACME anode is the most significant shortcoming of the thruster. To address
this, a final update to ACME, version 3 (V3), tests two new anode designs with new BN
walls. Improvements to anode design for more even gas distribution have shown significant
improvements to measured anode efficiency on comparable thrusters [34]. Two new anode
designs were manufactured in 316 stainless steel using direct metal laser sintering. Cross
sections of the design, and the printed anode can be seen in Fig. 3.23. In both anodes, the
gas flow moves between stacked and concentric mixing chambers with a series of holes that
double in number for each chamber, resulting in 64 holes at the exit. Characterization of the
designs showed a significant improvement to gas uniformity, with a peak-to-peak variation
in neutral density of 0.7 and 1.3% for the A3 and A4 anodes respectively, compared to the
original variation of 3.3% [88]. Anode A4 was used for all ACME V3 test campaigns. The
new BN walls do not change the shape of the channel, but were updated to with a tighter

interface with the pole caps.

3.2.6 Chapter Conclusions

This chapter detailed the design and initial test campaigns of the ACME thruster. The
adaptive design has allowed it to be reconfigured to a wide range of experimental setups,
with observed plume shapes ranging from highly divergent to over-focused. Updates to
the thruster from the initial design have: improved the magnetic shielding of the poles;
improved the channel wall material and structure; updated the electrical configuration; added
watercooling; increased the adaptability of the thruster with more variable cathode positions;
and redesigned the anode to improve gas distribution.

Testing of the thruster showed performance was strongly influenced by the pole position,
with significant changes to plume divergence, and current and voltage utilization. While
the V2 test campaign did not fully characterize the thruster at each pole position, the

diagnostics that were used suggest that the accepted methods for plume characterization may
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not be sufficient for the more divergent plume seen at +2 mm. Therefore, the full plume
characterization will be investigated further, with methods to more thoroughly measure

divergent plumes presented in chapter 4.

(a) (b)

Figure 3.23: a) A cross section of the A3 anode. b) A cross section of the A4 anode. ¢) The
printed A3 anode. d) The printed A4 anode. Figures from [88].
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Chapter 4

PLUME CHARACTERIZATION WITH SPATIALLY
RESOLVED ION ENERGY DISTRIBUTION
MEASUREMENTS

Electric propulsion systems exhibit a range of physics that are difficult to model. There-
fore, understanding the underlying drivers of efficiency in the system, beyond measurements

of pure performance, is critical.

The measurement of thruster performance falls into two distinct categories: direct mea-
surement of the performance, and characterization of the thruster plume [2]. Directly mea-
suring the thrust gives an accurate measurement of the anode and total efficiency, specific
impulse (ISP), and thrust-to-power ratio. However, this gives limited insight into the drivers
of the performance. Using a suite of diagnostics in the plume, thruster operation can be
more thoroughly characterized, allowing the divergence, current, charge, mass, and voltage
utilization efficiencies to be calculated [76]. The product of each of these efficiencies is the
anode efficiency of the thruster, which generally shows good agreement with the anode ef-
ficiency calculated from the thrust stand measurement [74, 75, 86]. These diagnostics are
well understood, and have long proven and accepted recommended practices, particularly for

highly developed systems such as Hall and gridded ion thrusters [55, 79, 69, 89, 73, 90, 91, 92].

However, applying these methods to less developed thrusters, where the form of the plume
is unknown or highly divergent, may not be sufficient to fully characterize operation. This is
primarily due to the positioning of the ExB probe and Retarding Potential Analyzer (RPA)
which are stationary and take measurements on or near the centerline of the thruster. A
study of angularly-resolved ExB probe spectra indicates that the measurement of ion species

fractions at the channel centerline is sufficient to describe the charge utilization efficiency of
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the full plume [93]. However, the voltage utilization efficiency, which is calculated from the
Ion Energy Distribution Function (IEDF) measured by a RPA, can exhibit a strong angular
dependence [87, 71| which may lead to erroneous results on more divergent plumes.

The goal of this study is to investigate the efficacy of centerline and angularly resolved
IEDFs in deconvolving the efficiencies of electric propulsion systems with varying plume
structures. The relative efficacy of the methods can be used to guide plume characterization
in divergent systems or novel thruster concepts. In this chapter we compare a full plume
characterization, with both centerline and angularly resolved IEDFSs, to thrust stand mea-
surements of an adjustable Hall thruster with a range of plume shapes from over-focused to

highly divergent.
4.1 Methodology

In order to compare the efficacy of centerline and angularly resolved IEDF's, an experimental
setup was developed to characterize thruster operation using both plume diagnostics and
direct thrust measurements across a range of plume shapes, ranging from highly divergent,
to over-focused. The setup includes the Hall thruster, vacuum chamber, thrust stand, and
suite of diagnostics required to fully characterize the plume. Each of these components are

described in detail below where the differ from the standard methods presented in chapter 2.

4.1.1  Criteria for Comparison

Comparing the centerline and angularly resolved IEDFs requires the thruster to be fully
characterized using both thrust measurements and plume diagnostics. Thrust measurements
will be used as the ground truth for the comparison. The anode efficiency, 7, , used as the

comparison metric is
T2

= — 4.1
2mg P, (41)

M.

where T is the thrust, m, is the anode mass flow rate, P, = V;I,; is the power delivered to

the anode, V is the discharge voltage, and I, is the discharge current. The anode efficiency
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represents how well the power and mass flow being delivered to the anode are being converted
into thrust, giving a good assessment of the overall performance.
The anode efficiency calculated from the plume characterization is the product of five

efficiencies,

na = ndnannmnq (42)

where 7, is the momentum weighted divergence utilization efficiency, 7, is the current uti-
lization efficiency, 7, is the voltage utilization efficiency, 7,, is the mass utilization efficiency,
and 7, is the charge utilization efficiency [2]. Here, the voltage utilization efficiency will be
calculated using both the centerline and angularly resolved IEDFs, and the resulting anode
efficiencies will be compared to the anode efficiency calculated from thrust measurements.
These component efficiencies are calculated using an RPA, and Faraday, ExB, and Lang-
muir probes which will be described later in this section. They are measures of the physical
processes that occur within the thruster and each one allows greater physical insight into

how losses in efficiency occur.

4.1.2  The ACME Thruster, Vacuum Setup, and Standard Plume Diagnostics

The wide range of plume shapes required for this experiment are produced by ACME V2W.
While the bounds of pole position are +5 to -35 mm, this experimental campaign reduces
the range to a set of pole positions of -12, -8, -6, -4, -2, -1, 0, 1, 2, and 4 mm. Instability of
the plasma discharge at the extreme setpoints prohibited full characterization of the +4 and
-12 mm positions, reducing the full characterization to 8 pole positions. The thruster was
run in a cathode tied configuration in the STF using the thrust stand described in chapter 2.
The thruster was run at a single operating point with a 400 V, 1.5 A main discharge, a peak
centerline magnetic field strength of 180 G, a fixed keeper current of 0.5 A, and cathode flow
rate of 0.25 mg/s of krypton for all test points.

During operation of ACME, the pressure ranged from 1 — 2 x 107> Torr across the flow

rates tested. The thruster was mounted on the nested inverted-pendulum thrust stand on the
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centerline of the chamber. The process of measuring thrust consisted of ignition, adjusting
the thruster controller to the desired parameters, and waiting for thermal steady state. On
reaching steady state, the thruster is shutdown and the thrust delta is measured. A single

calibration mass is added and removed to confirm the calibration taken before testing.

The Langmuir and Faraday probes are mounted to a swept arm positioned at 0.54 m or
8 TDD, while the ExB probe is positioned 0.67 m or 10 TDD and offset from the centerline
of the chamber to align with the thruster channel. The Faraday, ExB, and Langmuir probes
use recommended practices as described in chapter 2. A series of additional Langmuir probe
measurements were taken between 0 and 90° in 15° increments to characterize the angularly

dependent plasma potential needed to correct the RPA measurements.

4.1.83  Retarding Potential Analyzer

Calculating the voltage utilization efficiency, and comparing the efficacy of the center-line
and angularly resolved IEDF methodologies, requires RPA measurements of the plume. The
RPA is pointed directly at the center of the thruster with the axis of rotation of the swept

arm passing through the exit plane.

The voltage utilization efficiency will be calculated in three ways to get the three voltage

utilization efficiencies, (7,,,,7,,,7,), used for the comparison.

The center-line IEDF will be used to calculate n,, and 7,, and is measured with the
standard method described in chapter 2. The first voltage utilization efficiency, n,,, is
calculated using the peak of a Gaussian fit to IEDF. This is defined as the most probable

voltage, V,,, and is assumed to represent the beam voltage across the entire plume. This

w= () (43

The second voltage utilization efficiency, 7,,, calculates the beam voltage by integrating

gives 1),,,, as
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over the centerline IEDF, with

fOVmaa: ‘/'aJ(‘/a)dV
VaJ ’

My = (4.4)

where J(V,) is the collected current at voltage V,, and J is the total current collected in the
sweep. The wide acceptance angle and noise sensitivity of RPAs can result in broadening of
the IEDF distribution leading to underestimation of the voltage utilization efficiency when
integrated [74]. This centerline integrated method is therefore included in the analysis to
investigate the broadening and determine its effect on the full plume integration.

The angularly resolved IEDF is generated in the same way as the center-line IEDF, but
is repeated at 136 positions equally spaced between 0°, at thruster centerline, and 90°, thus
giving an angularly resolved IEDF. The angularly resolved TEDF is integrated across the

hemispherical coordinate system to calculate the third voltage utilization efficiency, 7., as

Iz ( e VoI (Va, e)dv) cos(0)sin(0) do

12 VaJ (8)cos(8) sin() df

Mys = (4.5)
where the collected current J(V,, ) now has angular dependence. The integration uses the
axial current, see Eq. 2.8, and therefore weights the influence of ions by their contribution to
thrust. For example, an ion measured at 90° from centerline is counted in the total current
integration, but does not provide axial thrust and is therefore not counted in the axial
current. When the voltage utilization efficiency is calculated, only the fraction of current

producing thrust, and the ion energy distribution of that population, are integrated.

4.2 Results and Discussion

The aim of this chapter is to assess methods for characterizing divergent plumes in electric
propulsion systems with a specific focus on the efficacy of centerline and angularly resolved

[EDFs in calculating the voltage utilization efficiency. To compare the three methods of cal-
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culating the voltage utilization efficiency described in section 4.1.3, the ACME Hall thruster
was run at a single operating point of 400 V, 1.5 A, at 10 pole positions from +4 mm to -12
mm, (+4, +2, +1, 0, -1, -2, -4, -6, -8, -12). Due to instability in operating the thruster at the
extrema of pole position, the points at +4 and -12 mm could not be fully characterized. This
section will initially analyze the plume characterization, comparing the efficacy of the three
voltage utilization efficiencies in describing the plume. Then, methods for CEX correction
will be assessed including a novel method utilizing the angularly dependent IEDF's. Finally,

the performance of the thruster across the pole positions will be discussed.

4.2.1 Plume Characterization

At each pole position, a suite of diagnostics was used to calculate the divergence, current,
charge, mass, and voltage utilization efficiencies. The anode efficiency calculated as a product
of these efficiencies, Eq. 4.2, was then compared to the anode efficiency calculated from thrust
stand measurements, Eq. 4.1. Figure 4.1 shows the breakdown of these efficiencies, along
with the anode efficiency at each of the pole locations tested.

The divergence utilization efficiency, see Fig. 4.1a, showed a clear trend across the pole
positions with a maxima at the -2 mm pole position. This agrees with visual observations
of the plume and previous investigations of ACME [94, 95], that showed significant changes
in plume shape with changing pole position. The plume at the +4 mm position is highly
divergent, becoming more focused as the pole position moves negatively. Beyond the -4 mm
pole position, the plume narrows significantly and becomes over-focused.

The current utilization efficiency in Fig. 4.1b has a clear peak at the -4 mm pole position,
decreasing in both directions. The primary hypothesis for this result is the change to cathode
coupling at the different pole positions due to changes in field shape and relative cathode-
channel position. Investigations of cathode placement have observed significant changes to
current utilization with changing cathode position [96]. Another study of cathode coupling
found that a thruster with an extended outer pole, similar to the -2 mm pole position, changed

the magnetic field structure between the channel and the cathode, improving coupling [97].
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Figure 4.1: The breakdown of the measured efficiencies across the range of pole positions
showing: a) The momentum weighted divergence utilization efficiency, b) the current uti-
lization efficiency, c¢) the charge utilization efficiency, d) the mass utilization efficiency, e)
the three methods used for the voltage utilization efficiency, and f) The anode efficiency
comparison between the product of the probe based efficiencies and the direct measurement
from the thrust stand.



63

Further evidence of this hypothesis is discussed in section 4.2.3.

The charge utilization efficiency, see Fig. 4.1c and mass utilization efficiency, Fig. 4.1d,
both remain relatively consistent across the pole positions, with a slight decrease around the
-1 mm position. The symmetry around the -1 or -2 mm pole position is evident across each
of the component efficiencies, and is likely due to the field stretching symmetrically as the
poles are positioned either side of the optimum.

The voltage utilization, see Fig. 4.1e, shows significant variation between the methods.
The centerline peak value, n,,,, remains relatively consistent across the range of pole positions,
indicating that a similar peak in the IEDF on centerline exists at every pole position. The
other voltage utilization efficiencies, n,,, and 7,,,, are closest to 7, at the -2 mm pole position
where the plume is most focused, but diverge significantly in the other pole positions. The
effect of integrating the centerline for 7, appears similar to the integration of the full plume
in 7,,,, with the values only significantly diverging at the extremes of pole position.

Figure 4.1f shows a comparison of the anode efficiencies calculated using the combined
efficiencies with (1, 7., 75), and from thrust stand measurements. At the -2 mm pole
position, the three methods show closest agreement among themselves and with the thrust
stand. Notably, this pole position also corresponds to the highest divergence utilization
efficiency. The reason for good agreement among all the cases is due to a significant, high
energy, ion population on the centerline of the plume. As we move to more divergent plumes,
the anode efficiency from 7,,,, and 7,,, match the thrust stand data within the uncertainty of
each measurement. While the centerline integrated measurement of 7,,, provides an improved
match compared to n,,,, it only provides additional information on center-line and is therefore
of minimal additional utility. The agreement between thrust stand and 7,,, based anode
efficiencies across the full range of pole positions indicates that the angularly resolved IEDF
is beneficial in the study of divergent plumes. The method could be further improved with
the use of a collimated RPA to minimize the broadening effect [98, 71].

To visualize the plume shapes, Fig. 4.2 shows angularly resolved IEDFs in conjunction

with plume photos for a subset of the pole positions tested. The plume images show a
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Figure 4.2: A comparison of the plume divergence across a subset of pole positions tested.
Peak first derivative of current at each pole position is: a) 0.14 pA/V at +4 mm, b) 1.3
wA/V at 0 mm, c) 0.58 pA/V at -4 mm, and d) 0.09 pA/V at -8 mm. DSLR photos and
contour plots of the swept IEDF measurements are shown for each position. Photos of the
plume taken at 70 mm /22 1/5” ISO200. Note that the inner pole is consistently positioned
with each axis while the outer pole moves.
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clear trend from a highly divergent plume at +4 mm to an over-focused plume at -8 mm.
The angularly resolved TEDF in Fig. 4.2b shows a single well focused peak at 0 mm. At
this pole position, the field is flat across the exit plane of the thruster channel and the
majority of ions are accelerated downstream in a relatively tight plume. At the +4 mm pole
position, the peaks in the IEDF are off center-line due to the inclination of the magnetic field
resulting in a significant radial component to the electric field in the acceleration region. The
ions are therefore accelerated at a significant angle, resulting in 7,,, and 7, missing crucial
information in the off axis plume. Similarly, as the pole position moves to -4 and -8 mm, the
magnetic field is angled towards the center-line, and the plume becomes over-focused with

ions passing through the centerline and continuing to diverge before reaching the RPA at 8

TDD.

At both the +4 and -8 mm pole positions, several populations of ions become visible.
Significant tails of lower energy ions are present on and near the centerline, which may be due
to the stretched field shape causing a wider range of ionization locations, or elastic collisions
occurring outside the thruster [99, 71|. Examining the magnetic field lines for these pole
positions we can see that at the extreme values, the curvature around the poles begins to
extend and the assumption of consistent shielding on the poles begins to break down, see
Fig. 4.3. The asymmetry of the grazing line and increased curvature on the poles significantly
pushes the potential drop to one side of the channel. The increased curvature and skew in
the field shape may be the driver of the secondary populations seen in the angularly resolved
IEDF. As the magnetic field lines are isopotential lines, this increased curvature creates
electric fields that are at large angles from the thruster center-line. Neutrals near the outer
wall in Fig. 4.3c may reach beyond the channel exit while remaining in the high potential
region. When they are ionized, they could be accelerated at a wide range of angles including

perpendicularly to the center-line.
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Inner Pole
-4 mm

Inner Pole 4 mm

Figure 4.3: a) The field at the +4 pole position, b) the field at the -4 mm pole position, and
c) the field at -8 mm showing the stretch in shielding on the outer pole. Note that the field
lines are rendered to the same arbitrary limit to demonstrate the change.

4.2.2  Charge Fxchange Ion Characterization

The characterization of facility effects is a key factor in understanding the performance of EP
systems in vacuum facilities [56, 100]. Here, the angularly dependent IEDF can be further
utilized to characterize CEX ions and provide corrections for facility effects. As the plumes
become more divergent, CEX ion become significantly more prevalent as the high energy
ions diverge over a larger area, scaling with sin (#), and therefore interacting with a greater
number of neutrals. This has been previously demonstrated while characterizing the plume
of a BPT-4000 Hall thruster [71]. The CEX population is visible in the RPA data as a
distinct low energy population present across the whole sweep, particularly for divergent
plumes. Figure 4.4a shows a section of the angularly resolved IEDF at the +4 mm pole
position, scaled to emphasize the lower current density areas.

As the RPA is able to measure the CEX populations across the plume, a method to
calculate the current density distribution was developed. Figure 4.4b shows a comparison
of Faraday probe and RPA sweeps for a 400 V, 1.5 A discharge at the -2 mm pole posi-
tion. A scalar correction factor was applied to RPA current data to account for the grid
conductance and collector area differences of the RPA and Faraday probe. This correction
was calculated from the -2 mm pole position to match the centerline current density and

then applied to all RPA sweeps. The Faraday probe data was corrected for CEX ions using
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Figure 4.4: a) A sample of the swept RPA from a 400 V, 1.5 A discharge at the +4 mm pole
position. CEX dominated signal is seen below the red line. b) A comparison of the Faraday
data, RPA current, and CEX correction for both signals.

both the extrapolated wing and pressure characterization methods described in section 2.5.
The extended-wing method significantly underestimated the current in the wider plume, a
problem exacerbated by more divergent plumes.

The RPA data was corrected for CEX by removing all current measured below a threshold
voltage which is assumed to be dominated by CEX ions [101]. The threshold voltage was
iteratively increased until the RPA data most closely matched the pressure corrected Faraday
probe trace. Using a threshold voltage of 40 V showed the closest match to the Faraday
correction, see Fig. 4.4b. This value also matches the distinct low energy population seen
below the line showing the 40 V threshold in Fig. 4.4a. Correcting for CEX within the RPA
sweep allows for CEX ions to be removed from the voltage utilization efficiency no matter

the plume shape, removing a significant source of uncertainty.

4.2.83 Influence of Pole Position on Thruster Performance

Thruster performance changed significantly across the range of pole positions tested. Thrust
measurements, see Fig. 4.5a, showed a maxima at -4 mm with a significant drop off at more

negative pole positions. The plume characterizations indicates that the peak at -4 mm can
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Figure 4.5: a)Thrust measurements taken at each pole position at 400 V 1.5 A. b) The
required flow rate through the anode to achieve a current of 1.5 A at thermal steady state.

be attributed to the peak in current utilization at this pole position, see Fig. 4.1a, combined
with the high divergence utilization efficiency shown in Fig. 4.1b. A similar investigation
of unshielded Hall thruster performance compared two thruster configurations, one with a
flat exit plane, and one with the outer pole extended 2 mm. The extended outer pole,
equivalent to a -2 mm pole position, showed significant performance improvements with an
increase in total efficiency of 10% [102]. This peak in thrust and anode efficiency, and the
agreement with a similar comparison in literature, suggests that negative pole positions could

be advantageous in magnetically shielded thrusters and may warrant continued investigation.

Figure 4.5b shows the anode flow required to achieve the 1.5 A discharge, which signifi-
cantly increases with positive pole positions. As pumping speed is consistent across tests, the
>30% change in flow required between the extreme pole positions resulted in higher back-
ground pressures, and consequently, higher CEX populations were observed in the positive

pole positions.

Measurements of the discharge oscillations, see Fig. 4.6 show increased breathing mode
amplitude and an increase in the number of harmonics at more positive pole positions. There

are at least two likely drivers of this shift. Firstly, analysis of facility effects has previously



69

' | I +2 mm

| | +1 mm

| | 0 mm

' -1 mm

I -2 mm

l -4 mm

-6 mm
et ————

-8 mm
m—q

0 25 50 75 100 125 150 175 200
Frequency (kHz)

Amplitude (a.u.)

Figure 4.6: A FFT of the discharge current at each pole position. Scale on each axis is
identical.

demonstrated that higher facility pressures result in changes to breathing mode frequency
and amplitude which may be a factor in this trend [79]. Secondly, increased breathing mode
amplitude due poor cathode coupling has previously observed in Hall thrusters by varying
the cathode flow [103]. As the cathode position moves with inner pole, and more positive
pole positions require a higher inner magnet current to balance the fields. As a result there
is a significantly higher field between the cathode and channel in the +4 mm position, which
when combined with the lower plasma density due to the divergent plume, likely results
in poorer cathode coupling [102, 104]. With more negative pole positions, the cathode is
positioned in a region of higher plasma density. The combination of a higher plasma density
and lower magnetic fields on the inner pole improve the cathode coupling, decreasing the

required mass flow rate.
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4.3 Chapter Conclusion

The aim of this chapter is to investigate the efficacy of centerline and angularly resolved
IEDFs in describing the operation of electric propulsion systems with varying plume struc-
tures. To assess these methods, the ACME Hall thruster was operated at a range of pole
positions ranging from highly divergent to over-focused. At each of these pole positions the
performance of the thruster was characterized with both plume diagnostics and a thrust
stand. The standard method of taking the peak of the IEDF on the centerline of the plume
was sufficient to describe the voltage utilization while the plume was well focused. However,
as the plume becomes more divergent at the +1 and +2 mm pole positions, and becomes
over-focused at the -4, -6, and -8 mm positions, the agreement with the thrust stand is lost.
At these positions, only the anode efficiency calculated using the integrated IEDF matches
the thrust stand data within the uncertainty of each measurement. Integrating the angu-
larly resolved IEDF is therefore clearly beneficial in the study of divergent plumes or novel
thruster concepts where the structure of the plume is unknown. Improving the method with
the use of a collimated RPA is suggested as it would minimize the broadening effect and
decrease the underestimation of the voltage utilization efficiency leading to a more accurate

characterization the plume [98, 71].

We anticipate the proposed method for calculating voltage utilization efficiency will be
particularly important for thrusters that utilize alternative propellants due to increased
plume divergence from shifts in the ionization and acceleration regions of lightweight or
multi-species propellants [105, 106, 107, 108, 109, 110, 111]. These propellants also require
increased flow and may not be pumped as effectively, and therefore may benefit from the
improved CEX correction over the full plume, without having to take measurements at

multiple background pressures.

The operation of ACME changed significantly over the range of pole positions tested.
Angularly resolved IEDFs showed more complex plume structures at the extrema of pole

position with multiple distinct ion populations. It is hypothesized that these may be due
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to the increased curvature of the magnetic shielding at the poles, causing multiple distinct
populations to be ionized and accelerated. Peak efficiency was not found at 0 mm in the most
standard ‘flat’ field configuration seen in most Hall thrusters, instead the peak was at -4 mm,
driven by improved current utilization efficiency and good divergence utilization efficiency.
Continued testing of ACME beyond the scope of this test has shown vast improvement to the
performance at higher current densities, increased channel depth due to anode positioning,
and better gas distribution due to printed stainless anodes. While these results only represent
a single operating point at each pole position, trends in the performance could be useful for
future developments. The significant decrease in flow required at negative pole positions
is of particular interest for future investigations. It is likely due to the cathode positioned
closer to the higher density plasma combined with the lower magnetic fields required on the
inner pole improving cathode coupling. Combined with the improvements to the divergence
and current utilization efficiency, there may be gains that can be achieved with other Hall
thrusters with centrally mounted cathodes.

The investigation of plume characterization methods has been submitted for publication

in the Journal of Propulsion and Power.
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Chapter 5

RAPID THRUSTER-IN-THE-LOOP OPTIMIZATION FOR
HALL THRUSTERS

The characterization and optimization of Hall thrusters has traditionally been conducted
over long test campaigns. A significant component of that is the performance and stability
mapping across a range of current-voltage-magnetic field (IVB) configurations [47, 48, 49].
IVB maps are useful for characterizing the global performance and more thoroughly analyzing
changes in design [50]. As discussed in chapter 1, this is a significant limitation as the
mapping performance across the many dimensions of a thruster is costly in propellant and
facility use, and development time. Decreasing costs for access-to-space and the rise in small
satellite constellations has driven the need for a greater number of systems that are cheaper
to design, test, and manufacture. Methods for rapid and efficient thruster development are

therefore of interest.

Previous applications of computationally driven development processes including machine
learning and algorithmic optimization have been outlined in chapter 1. They have proved to
be well suited to the challenges of electric propulsion research and development. However, a
method to expedite the development of high Technology Readiness Level (TRL) thrusters,

decreasing test time and associated costs for new systems, is missing.

In this chapter we present results that describe an active control system and methodology
that is capable of rapidly mapping and optimizing the performance of Hall thrusters. A
rapid thrust measurement method is developed that significantly reduces the time required
to characterize a thruster setpoint. Full end-to-end computer control and real time thruster-
in-the-loop optimization is applied to the ACME Hall thruster [95]. Nelder-Mead and Powell

optimization schemes are assessed for their efficacy in rapidly optimizing ACME, a medium
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Table 5.1: ACME thruster dimensions. Fast dimensions, left, can be adjusted during oper-
ation. Slow dimensions, right, require removing the thruster from vacuum to change.

Fast Dimension Minimum Maximum ‘ Slow Dimension Minimum  Maximum
Discharge Voltage 100 V 400 V Pole Position -12 mm +4 mm
Field Strength 140 G 220 G Anode Position 10 mm 35 mm
Keeper Current 0A 1.5 A Cathode Position -2 mm +2 mm
Cathode Flow Fraction 10% 40% Anode Design 3 Available
Field Skew -0.2 0.2

(5-20) dimension thruster system.

5.1 DMethodology

The following section describes the ACME Hall thruster, vacuum facilities, thrust stand, and

optimization methods used in this research.

5.1.1 ACME Hall Thruster

ACME V2W, with a cathode-tied electrical configuration was used during this test cam-
paign. ACME has 10 dimensions, the thruster parameters that the optimizer can adjust.
These thruster parameters can be categorized into the ‘fast’ dimensions which are computer
controlled in real time, and the ‘slow’ dimensions which require mechanical changes to the
thruster. The fast dimensions are: applied anode voltage, anode mass flow, cathode mass
flow, keeper current or voltage, inner magnet current, and outer magnet current. For op-
timizing the thruster at a constant power, these dimensions are reduced to the five fast
dimensions listed in Table 6.3. The minimum and maximum values listed are the bounds of
the optimization search space.

To maintain a balanced magnetic field, the control parameters of the inner and outer
magnet currents are replaced with “Field Strength” and “Field Skew”, a measure of how
far the magnetic field is moved out of balance from its evenly shielded shape. Changing the

field skew changes the current in the inner and outer magnets to compensate for differences
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between the true field and simulations, along with changes due to field saturation at high
operating temperatures. A field skew of 0.1 would increase the inner magnet current by
10% and decrease the outer current by the same fraction. Mapping the control parameters
to the input parameters of the magnet currents is done through 2nd order polynomial fits
to data from Finite Element Method Magnetics (FEMM) [112] simulations of the magnetic
field. These fits, confirmed with a grid of axial and radial Hall probe measurements, act as
input functions to the physical control parameters translating strength and skew into inner

and outer currents.

Mode shifts between two distinct thruster modes, Jet and Diffuse, have been observed
during operation of ACME. Mode shifts are changes between two regions of operation where
small changes to the thruster operating point cause large changes to thruster operation.
These include: the anode gas flow required to maintain the discharge current, thruster os-
cillation frequency and magnitude, stability, plume shape, and efficiency. In ACME, the
Diffuse mode is prevalent at lower operating voltages. It has a lower breathing mode fre-
quency compared to Jet mode, but with a far greater amplitude and well defined harmonics.
The efficiency of the system can change significantly either side of a mode shift, however, it
is not always the case that one is better. At 500 W on xenon, the Jet mode has better anode
efficiency with a peak of 50% around 300 V, while on krypton, the Diffuse mode has better
anode efficiency with a peak of 30% under 200 V. Regions near the mode shift can flicker
between the two modes, presenting a challenge to the automation of the system, particularly

the control of the anode gas flow required to maintain the discharge current.

Optimization over the slow dimensions of the ACME thruster is beyond the scope of this
chapter, optimization methods using the slow dimensions will be discussed in Section 5.2.5.
Throughout the testing detailed in this chapter, a single configuration of slow dimensions
was used with a pole position of 0 mm, anode position of 25 mm from the exit plane, and
cathode 2 mm beyond the center pole. The configuration had not been used before and was

chosen to simulate working on a new thruster design.
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5.1.2 Vacuum Chamber and Thrust Stand

All testing of the control and optimization system on ACME was completed in STF using
the nested inverted pendulum thrust stand. During operation of ACME, the pressure ranged
from 1 — 5 x 1075 Torr across the flow rates tested.

The process of measuring thrust normally consists of ignition, adjusting the thruster con-
troller to the desired parameters, and waiting for thermal steady state. On reaching steady
state, the thruster is shutdown and the thrust delta is measured. A single calibration mass
is added and removed to confirm the calibration taken before testing. A plot of the thrust
signal during shutdown and calibration is shown in Fig. 5.1a. Taking another measurement
requires significant time to reignite the thruster and return to thermal steady state due to
the system cooling while the thruster is off. At 250 V, 2.0 A, ACME requires > 15 minutes
to achieve quasi-steady state after a full shutdown measurement and calibration.

To improve the measurement rate, a novel rapid thrust measurement methodology was
developed to avoid thruster shutdown and minimize thermal drift. The method is shown in
Fig. 5.1b. Thrust measurements of “Test Points” are taken while the thruster is running

and compared to a well characterized “control point”. The thrust delta between the test
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Figure 5.1: a) A standard shutdown thrust measurement with a single calibration step.
Note the under-damped oscillation before tuning the damping system. b) Rapid thrust
measurement with the Control Point - Test Point methodology.
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and control points is then used to calculate the test point thrust, minimizing the error due
to long term thermal drift. While there is still thermal drift, the error introduced to the
measurement from thermal drift is restricted to drift occurring during the dwell time, t4, at
the test and control points. With this rapid measurement methodology, the new limiting
factors to the measurement frequency become a combination of the anode thermalization
rate, thrust stand oscillation damping time, and the PID control of the anode gas flow as it
reaches quasi-steady state. Tuning the thrust stand flexures and dampers to achieve critical
damping significantly reduces the settling time to well below the anode thermalization time.
Investigations into achievable measurement frequency of the rapid methodology are presented

in Section 5.2.1.

5.1.3  Control System

Thruster-in-the-loop optimization requires full computer control of the power supplies, flow
controllers, and ignition ballast switching, along with all data acquisition. This is handled
by a custom thruster controller, developed by EOI, which uses a Raspberry Pi computer
running Python code to control Pi-Plate interface modules. These modules then connect
to and control the thruster electrical supplies and can measure analog telemetry. Digital
signals from the Pi-Plate interfaces control high-voltage, high-speed switching through fiber
optics for isolation. The propellant mass flow controllers are controlled via USB connection
to the Raspberry Pi. Only low-speed telemetry is obtained via the PI-Plate DAQ boards.
For high-speed data collection, oscilloscopes connected via an ethernet LAN are used. The
control algorithm can use data from any of the above sources to control thruster operation,
including direct prompting of human control if necessary. This approach gives a portable
system that can be used in any lab to optimize and map thruster performance.

Testing with the control system follows the flow chart shown in Fig. 6.1. Before testing,
the thruster is warmed up to thermal steady state at the control point. Steady state is
achieved when both the thruster temperature and propellant flow required to achieve the

discharge current are constant. Once the thruster is ready, the optimizer is initialized and
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generates the first test point. The thrust is measured using the control/test point method,
and all control inputs, telemetry, and additional diagnostics are recorded. Using feedback
from the system, the objective function is evaluated at that point and recorded. The algo-
rithm then checks for convergence to the optimum. If the convergence criterion is met, the
system is returned to the control point where it awaits user input. If it is not reached, the
algorithm proceeds to the next test point. In the event of thruster shutdown, the control
system detects the drop in anode current, restarts the thruster, and achieves steady state

before resuming the test.

5.1.4  Optimization

The characteristics of a search space determine which class of optimization scheme is ap-
propriate. ACME has one discrete and nine continuous dimensions making it a medium-
dimension system. The optimization objectives for this test, total efficiency and specific
impulse (I,), do not have a known functional form as no existing data is used for each
optimization, and the convexity of the search space is unknown. To efficiently and rapidly
determine these optima, the class of methods appropriate are derivative-free approaches as
they do not require knowledge of the local search space. Among the suitable options given
these considerations are Nelder-Mead [113] and Powell’s [114] methods which are described
more thoroughly below. These methods cannot deal with large measurement noise, and al-
though there are uncertainties in the thruster measurements, these are small enough to not

cause significant issues.

Optimization Objectives

The objective functions are the mathematically defined goals given to the optimizer. They
can be any quantifiable measure of the thruster. In this chapter, the two optimization goals
are: total efficiency and specific impulse. As the optimization scheme acts to minimize the

objective function, the inverse of these values are used.
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Figure 5.2: A flow chart showing the operation of the thruster using the Control Point - Test
Point rapid thrust measurement technique.

The objective function for determining the best total efficiency, nr, is defined as:

1 2 Pr
F, =—= 5.1
) = = T (5.1

where x are the set of input parameters to the system, Py is the total thruster power including
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cathode and magnets, mr total mass flow rate from the anode and cathode, and T is the

thrust. Similarly, the objective function for maximizing I, is defined as:

I mrgo
F,,(x) = =T (5.2)
sp

where the specific impulse, [, is calculated from the thrust 7', total mass flow rate 7y, and

standard gravity gg.

These functions are calculated from thrust measurements and the automated control
system inputs. The bounds of the search space, Table 6.3, are the limits given to the
optimizer for each dimension to prevent damage to the system and limit operation to the

area of interest.

Nelder-Mead Method

Nelder-Mead is a simplex optimization method using thruster test points Fy, P,..., P, to
form n+1 vertices of a polytope, where n is the number of dimensions of the optimization.
The simplex is the simplest n-dimensional polytope of a given dimension. In 0D it is a point,
1D is a line segment, 2D is a triangle, 3D is a tetrahedron, etc. The vertices of the polytope
represent the thruster test points where the objective function is evaluated. Once these test
points are sampled, they are used to extrapolate the position of the expected minimum value
of the objective function using a calculated polytope centroid and three new test points using
the reflection, contraction and expansion functions described below [113]. Figure 5.3 shows

these points and how they relate to the simplex formed in a 2D optimization.

The initial simplex of the Nelder-Mead method is created with points separated by 5%
of the span of x in each dimension from the starting point. The n+1 points of the simplex

are ordered by the evaluation of the objective function at each location, so that

F(P) > F(P) > ...> F(P,), (5.3)
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Figure 5.3: The simplex formed in a 2D Nelder-Mead optimization showing the three current

test points (P, Pi, P,), the centroid (P), and the reflected (Pg), expanded (Pg), contracted
(Pc), and shrunk (Pys, Pis) points.

where P, is the worst point and P, is the best point.

The centroid of the polytope, P, is calculated using all test points except the test point
with the worst evaluation of the objective function, Fy. The reflected test point, Pg, is then
found by creating a vector between the worst test point and the polytope centroid, using a
positive reflection coefficient «, through the relation

Pr=(1+a)P —aP, (5.4)

where « is the reflection coefficient. Taking the reflected point with an « value of 1 maintains
the current polytope size and therefore the rate at which it can search the parameter space.
F(Pg) is then evaluated by the automated control system. If F'(P;) > F(Pg) > F(P,) then
a new simplex is formed with Pr and the other n best points, and the optimization moves
to the next iteration.

If the reflection test point has produced a better value than P,, then the value Pg is
expanded through
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Pp=7Pr+(1-7)P (5.5)

to get the expanded point Pg where « is the expansion coefficient. A ~ value of 2 accelerates
the exploration of the parameter space by stretching the simplex without being so large that
it misses regions of interest. If the evaluation F'(Pg) is better than F'(Pg) then a new simplex
is formed with the n previous best points and Pg. If not, the simplex is formed with Pg and

the optimization moves to the next iteration.

However, if the evaluation of F'(Pr) > F(P;), then a contracted point Py is calculated

in one of two ways. If Pg is the worst point then

Po=pR+(1-8)P (5.6)

where [ is the reflection coefficient. This creates the contracted point within the simplex.

Else F(Fy) > F(Pg) and

Po=pPr+ (1-p)P (5.7)

creating the contracted point between the reflected point and the centroid. The [ value of
0.5 mirrors the value of v allowing the search to decelerate at a similar rate once the simplex
is in an operational area of interest. If the evaluation of Py is better than P, then a new
simplex is formed with the n best points and P, and the optimization moves to the next
iteration. If the contracted point is the worst point, then the simplex is shrunk by moving

every point half way to the best point. For point 1 this would be

Pis = (P + B,). (5.8)
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The algorithm continues, with the polytope evolving through n-dimensional space, until one
of two convergence criteria are met. The standard deviation of F(x) and x for the n + 1
points on the polytope and the next selected test point are compared to defined tolerances.
When either drops below their tolerance value, the convergence criteria is satisfied and the
iterative search is ceased. The tolerance chosen is a trade off between the accuracy of the
solution and speed of convergence. For the presented optimizations the tolerances are 1%
of F(P,) for F(x) and 5% of the normalized dimensions in x. The shape of the search
space also plays a role. Flat objective functions require a smaller tolerance value for F(x)
to achieve the same accuracy in x, while more defined minima can be found with larger
tolerance values in F'(x) but require smaller values for x. The thruster parameters are
normalized for x such that the bounds become [0, 1], ensuring that the differing scales of
each parameter do not affect the optimization. If a calculated point has a system parameter
beyond the bounds of the optimization, that parameter is set to the limit of the bounds.
The values o« = 1.0, 8 = 0.5,y = 2.0 used for all tests are those recommended by Nelder as

they maximize convergence speed while minimizing false optima [113].

Powell’s Method

Powell’s method is an efficient way to use one-dimensional optimization to solve a multidi-
mensional problem when the derivative of the objective function is unknown or expensive to
calculate. Effective up to 20 dimensions [114], this method initially uses non-parallel vectors,
&r, which are the unit vectors of the native search space dimensions (discharge voltage, field
strength, etc.). These vectors map the search space of dimension n, for r =1,... n.

Figure 5.4 shows an example evaluation using Powell’s method. The algorithm runs a
one-dimensional optimization by sampling along the first vector, ;. Each one-dimensional
optimization uses Brent’s method, a hybrid root-finding algorithm, to select test points and
then determine the minima F'(p1), and location of the minima, p; [115]. Brent’s method

maintains the convergence reliability of the bisection search method while increasing conver-
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P1 X

Figure 5.4: The evaluation of the first dimension along the vector, &, in Powell’s method.
Data points taken at position x with their evaluation F'(x) are shown. The estimated minima
of the function at p; is then the starting point of the normal vector, &, used to evaluate
that dimension.

gence speed with inverse quadratic interpolation of the test points when appropriate.

Similarly to the implementation of Nelder-Mead, the thruster parameters of the search
space are normalized such that the bounds become [0, 1]. If a test point is selected beyond
the bounds of the optimization, that point is taken at the bound. Once Brent’s method
meets the convergence criteria, p; is chosen as the value in & and a new one-dimensional
optimization is performed along &. This is continued in subsequent dimensions, until the
minima on &, is found, where a conjugate vector is determined from the locations of p; and
Pn- The algorithm continues along this new conjugate vector, again solving a one-dimensional
optimization. As the algorithm continues to iterate, new conjugate directions are determined
by the optima determined in previous vectors until the convergence criteria are met. The
convergence criteria for each dimensional optimization include tolerances for F'(x) and x.
After each measured point the convergence criteria for & are checked by comparing the
delta between sequential test points to the tolerances. For the presented optimizations the
tolerances are 1% of F(p) for F(x) and 2% of the normalized dimensions in x. The global

convergence criteria compares optima in each sequential &, to the tolerances.
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5.2 Results and Discussion

Applying the rapid thrust measurement method effectively requires understanding how the
thruster reacts under autonomous control. Firstly, the frequency at which measurements
can be taken is determined, along with step sizes in each of the dimensions. Once the limits
of these have been assessed, rapid measurements of varying dwell times are compared to
shutdown thrust measurements. The Nelder-Mead and Powell optimization schemes are then
assessed in two, then five, dimensions. Finally, limitations to the rapid thrust measurement

methodology and selected optimization schemes are discussed.

5.2.1 Measurement Frequency

The first step in setting up the system is to determine how the thruster and thrust stand re-
spond to changes in each dimension, and how quickly these dimensions can be ramped. Each
change in thruster operating point can involve a simultaneous change in all five dimensions.
Large changes in some dimensions can cause thruster shutdown, causing significant delay
while the control system restarts the thruster and returns to thermal steady state. For ex-
ample, a significant increase in discharge voltage will create a nearly instantaneous response,
far faster than the PID control can adjust the gas flow to achieve the desired current. This
results in thruster shutdown if the voltage is reduced, or extreme overshoot of the test point
if the voltage is increased. These problems can be mitigated by controlling the maximum
ramp rate in each dimension. In addition to the thruster, the response of the PID controller
and propellant feed line length affect the maximum ramp rate. The required anode gas flow
in a Hall thruster is primarily dependent on the desired current. As the optimizations are
run at a constant anode power, changes to the gas flow are therefore dominated by changes
to the anode voltage. Tuning the PID values and ramp rate together gave optimal results
under 40 V/s for the anode potential, minimizing overshoot and eliminating thruster shut-
down. This was simplified to a 5 s ramp time for all dimensions and a maximum discharge

voltage step size of 150 V.
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The dwell time at each test and control point is the limiting factor in how quickly the
system can take data and optimize the thruster. It depends on how quickly the thruster
can reach the desired operating point, and then how quickly it can reach quasi-steady state
where the anode is thermalized. The ramp rate and PID tuning have minimized the time to
switch operating points, allowing the remainder of the dwell time for the thruster to reach

quasi-steady state.

Figure 5.5a illustrates how the response of the Hall thruster depends on the step size
between the control and test points. Thrust measurements are taken at each of the dashed
lines before the controller ramps to the next point. Three test points are measured in Fig. 5.5a
at 340, 315, and 290 V, with a 265 V control point between each. At the 340 and 315 V
test points, the thrust signal is dynamic when the measurement is taken as the gas flow and
anode temperature have not had sufficient time to equilibrate. As the delta between the
test and control points decreases, the gas flow and thermal response is smaller, allowing the
system to equilibrate faster. At the 290 V test point, the system settles rapidly and the

thrust measurement is taken at quasi-steady state.
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Figure 5.5: a) Iterations between the control point, and test points with a decreasing dis-
charge voltage, a fixed 200 G magnetic field strength, and dwell time of 15 s. Dashed vertical
lines indicate the points where thrust is measured. b) Mean error and standard deviation of
the rapid measurement methodology with increasing control and test point dwell time.
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Measurements of the anode efficiency were used to determine the minimum ¢, for opti-
mization as they capture the effects of both the thrust measurement methodology, and of
the changing potential, magnetic field, and gas flow on the thruster. A series of tests with
tq from 5 to 45 s were conducted with 30 repeated measurements between a test point with
a discharge voltage of 200 V, and magnetic field strength of 210 G, (200 V, 210 G), and a
control point of (300 V, 180 G). The mean and standard deviation of these thrust measure-
ments, compared to a shutdown thrust measurement, are shown in Fig. 5.5b. At a t; of 5 s,
the control system has only just finished ramping the input when the measurement is taken.
This results in both high variance and mean error as the measurement was taken while the
system was highly dynamic. As the ¢, increases, the mean error and variance both decrease
until the 20 s test. Here the variance is low, but the system slightly underestimates the effi-
ciency compared to the shutdown measurement. At 25 s and above, the system consistently
overestimates the efficiency with an error of 0.8 to 1% while the variance remains small. In
this case, the test point discharge voltage is lower than the control point, causing the bulk
thruster temperature to decrease during the test point and increase at the control point.
This effect may be the source of a slight change in mean value of the control point when
using this method, leading to the slight overestimation of efficiency seen in Fig. 5.5b. Further
characterization of this error, using a wider range of test points with discharge voltages both
above and below the control point, is presented in Section 5.2.2.

All data shown in the following tests was taken with a t; of 25 s, to minimize test
time while maintaining accuracy. When comparing the shutdown measurements to the new
method, the uncertainty in the measurement stated is only from the rapid method in com-
parison to the shutdown thrust stand measurements. It does not include uncertainty in the

calibration, or other systematic errors as they are consistent for both measurements.

5.2.2  Mapping

With rapid thrust measurements now possible, and full automation of the control system

complete, the performance of the thruster was mapped in two dimensions. The map is
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a useful development tool and allows for easy validation of the optimization schemes in
two dimensions. The mapping was run at 500 W constant power, varying the voltage and
magnetic field strength. The system is capable of sampling 72 test points per hour. For
comparison, the shutdown method can take four to six measurements of ACME in the same
time. In under two hours, a contour map of the thruster operation comprised of 117 points
was completed with the rapid method. The map, Fig. 5.6a, shows the total efficiency of the
thruster, with areas where the thruster operation was not stable and resulted in shutdown
shown as 0% efficient. For comparison sake, eight additional test points representing the
results of the shutdown thrust measurement procedure are overlaid both Fig. 5.6a and b.
Thrust measurements utilizing the rapid methodology overestimated the thrust by 0.9%
and total efficiency by 2.7% on average. For example, the rapid measurement at (150 V,
170 G) gave a thrust of 27.7 mN and total efficiency of 20.9%, while the shutdown thrust
measurement gives 27.5 mN and 20.5% respectively. This error is consistent with the thrust
error measured in the repetition tests in Fig. 5.5b, including those points taken at a higher
test voltage than control voltage where the slight overestimation continued. The efficiency
error stems from the thrust measurement which accounts for 1.8% and the lower total mass
flow rate which accounts for 0.9% as per the relationship in Eq. 5.1. While this is significant
for final performance measurements, it is well within the accuracy required for rapid mapping

and optimization.

The total efficiency map shows a region of peak efficiency from (130 V, 140 G) to (170
V, 220 G), varying by less than 0.7% along its length. This region is highlighted in Fig. 5.6a
with twin dotted lines. The improved performance in this high current density region, and
lack of stability at higher voltages, can be attributed to the relatively short channel, a result
of the anode position chosen for these tests. The anode efficiency map seen in Fig. 5.6b
shows a single region of peak efficiency of 29.0% around (170 V, 220 G). The difference
between maps is primarily due to the adaptive design of ACME where significant power is
needed to run the magnets. Although an increased magnetic field strength improves anode

efficiency, the increased magnet power usage hinders the total efficiency to a greater extent
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Figure 5.6: a) A contour map of the total efficiency in the two-dimensional test area. The map
is generated using the rapid measurement technique and 117 test points. Eight comparison
points showing the efficiency measured using the shutdown thrust measurement technique
are overlaid for comparison. Dashed lines showing the region of peak efficiency are shown
for comparison to subsequent optimizations. The approximate area where mode transitions
occurred is shown as the broad dashed line. b) A map of the anode efficiency from the same
tests.

than a conventional Hall thruster design. To demonstrate the five-dimensional optimization,
the total efficiency will be used as it includes both these effects, and those due to cathode

flow and keeper current.

Mode shifts from Diffuse to Jet mode were observed around 300 V, with Jet mode dom-
inating as the voltage increased [95]. The mapping was not significantly affected by the
mode shifts. Control continued as expected without issue on either side of the mode shift.
In the transitional regime between the modes, the low pass filtering of the discharge current
monitor was not affected by the flickering between modes, and the PID loop controlling gas
to the anode acted on the average current of the two modes. As the flickering was faster than
the thrust stand response time, the thrust measurement was also not affected. Additionally,
optimization trajectories explored the transitional region, but did not dwell in the Jet mode

due to the lower efficiency in this setup.
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Figure 5.7: a) A map of the two-dimensional total efficiency map with optimization paths
shown for the Nelder-Mead optimization scheme. Starting points for the optimization are
in blue with the resulting optimums in red. Lines showing the region of peak efficiency are
shown for comparison other schemes. b) The total efficiency at each iteration for the same
optimization paths.

5.2.83  Optimization in 2D

Although rapid thrust measurements can map two dimensions quickly, optimization schemes
become advantageous at higher dimensions. While a two-dimensional, likely convex, search
space does not strictly require an optimization algorithm, it does provide a simple proof
of concept test. The map previously created provides an excellent proving ground as the
optimum is already known, giving an easy way to check the convergence of the method in
lower dimensions before adding the complexity of higher dimensional spaces. Prior knowledge
of the behavior of the anode efficiency in other configurations of ACME shows that the
dominant dimensions are voltage and field strength. Here, the two derivative-free algorithms
of Nelder-Mead and Powell are demonstrated in these two dimensions, showing how the
schemes work and their functional limitations. A single control point of (Discharge Voltage:
250 V, Magnetic Field Strength: 180 G, Keeper Current: 0.5 A, Cathode Flow Fraction:
0.15, Magnetic Field Skew: -0.06) is used for all optimizations as it represents the center of

the parameter space and therefore minimizes the maximum possible step size.
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Figure 5.7a shows the same map of total efficiency with five optimization trajectories
taken with the Nelder-Mead method. The optimizer has no prior knowledge of the test space;
the trajectories are overlaid on the maps to aid in visualizing the process. The starting point
of each optimization is a blue point, and the found optimum of that trajectory is a red point.
Each optimization found its optimum within 15 iterations, and stopped searching when their
tolerance criteria was met within 20 iterations, see Fig. 5.7b. The points shown on the
trajectories are the new vertices of the polytope in each iteration. Any additional points
sampled to select the next vertex are not shown. For example, if the expanded point Pg is
selected, the algorithm must first have sampled the reflected point, Pg. As expanded points
generally occur at the start of the trajectory, and contracted points generally occur near the
minima, the number of additional points required is small. Of the trajectories shown, none
required more than 6 additional samples.

In two of the demonstrated trajectories, the algorithm continues to search a significant
number of steps after the reported minima was found. At each of these points, neither of
the tolerances were met due to large deltas between vertices of the polytope. The returned
optima is always the best value, but it is not necessarily in the final polytope.

Since the search operations in Nelder-Mead are displacements, dependent on the centroid
formed by the best n points and the worst permitted point, the subsequently sampled point
will be somewhere along the line that joins the centroid and worst evaluation. This tends
to make this optimization scheme’s trajectory relatively straight. Depending on the initial
points chosen, this can result in the algorithm determining an ‘optimum’ that is not actually
a global optima. As the dimensionality increases, this effect is exacerbated as will be seen
later in Section 5.2.4.

As mentioned in Section 5.2.2, the thruster design and physical configuration resulted
in a region of peak efficiency from (130 V, 140 G) to (170 V, 220 G), varying by less than
0.7% total efficiency along it’s length. While all the optimizations did end on this region, the
slight gradient towards the high field region was not followed. However, rapid optimization

is a trade off between optimization speed and accuracy. Adjusting the criteria for defining
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Figure 5.8: a) A map of the two-dimensional total efficiency map with optimization paths
shown for the Powell optimization scheme. Starting points for the optimization are in blue
with the resulting optimums in red. Lines showing the region of peak efficiency are shown for
comparison other schemes. b) The total efficiency at each iteration for the same optimization
paths.

an optimum, along with the positive reflection coefficient «, the expansion coefficient v, and
the contraction coefficient 8 would allow for the trajectory to follow the smaller gradient.
However, rather than extend the test time of a single optimization, multiple initial points are
tested and their optimum points compared. This gives a better understanding of the thruster
operation as the trajectories effectively search the parameter space allowing multiple local
minima with different operating modes to be found. Multiple fast runs can be completed in
the time taken for a fine tuned optimization and will be more likely to find a global optima
rather than accurately finding a local optima.

Figure 5.8a shows optimization paths taken using Powell’s method starting from the same
five initial test points. Each trajectory converged, meeting their tolerance criteria within a
similar number of iterations required as the Nelder-Mead method, see Fig. 5.8b. All optima
found using Powell’s method also fell in the region of high efficiency. In some cases, the
reported minima was found while the step size, and therefore delta between subsequent mea-
surements, was larger than the tolerance. These trajectories continued until the convergence

criteria were satisfied. Similarly to Nelder-Mead, the criteria for defining an optima can be
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Figure 5.9: a) The two-dimensional specific impulse map with optimization paths shown for
both the Nelder-Mead and Powell optimization schemes. Starting points for the optimization
are in blue with the resulting optimums in red. b) The specific impulse at each iteration for
the same optimization paths. The dashed lines show the Powell scheme optimizations.

tightened, however, multiple optimizations from a range of starting points will yield better

information on the system to be optimized and may find more than one optima.

Overall, the highest total efficiencies found in two dimensions were 22.5% in the map,
22.9% for Nelder-Mead, and 22.9% for Powell. The higher efficiency values found during the
optimizations are due to the optimal points being between mapped points and are therefore

not captured by the map.

To test the adaptability of the optimization methodology for different objectives, both
schemes were applied to optimizing for /5,. The thruster was in the same configuration, and
no changes to the optimizer were made except to swap objective functions. Figure 5.9a shows
both Nelder-Mead and Powell optimization paths, starting from the same five locations as
previous tests, overlaid on a map of the specific impulse. The map shows a single, relatively
flat region of peak [,, in contrast to the line seen in previous total efficiency optimizations.
All five paths converged on the same global maxima within their tolerance in either F'(x) or
x. The paths converged within a similar number of iterations to the total efficiency tests and

all identified the operational area of interest. This adds confidence in the optimizer when
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changing objective functions. As with previous tests, a finer tolerance requirement would
increase the grouping on the flat maxima, however the area of interest has been suitably

identified and further accuracy isn’t required.

5.2.4  Optimization in 5D

Now that the schemes have been tested and developed in the proving ground of 2D opti-
mization, we can verify that these methodologies work effectively in five dimensions. Here,
the search space is large enough that fully mapping the dimensions becomes untenable, even
with rapid thrust measurement. Using the same resolution as the 2D maps, a 5D map would
take 2500 hours of continuous running. Optimizing in five dimensions is therefore hugely
advantageous as operational areas of interest can be rapidly identified. In more traditional
thruster development, lower dimensional maps would be used to inform localized mapping,
one-dimensional sweeps, and other more focused tests requiring human intervention. Au-
tomated optimization in these higher dimensional spaces is therefore of interest as it can
expedite several steps by rapidly finding key areas of interest. The optimization uses all five
fast dimensions of ACME shown in Table 6.3.

Figure 5.10a and b show the evolution of the thruster efficiency in parallel to each of the
thruster dimensions for Nelder-Mead and Powell, respectively. The different approaches of
the schemes can be seen in how each of their variables change.

The Nelder-Mead method evolves all dimensions simultaneously, as indicated by the
shaded regions in Fig. 5.10a. The first 6 points sampled are to generate the initial polytope
before the expansion, contraction, and reflection operations begin. As the polytope must
be generated for each new optimization, the speed of batched or sequential optimizations is
limited. The scheme reached a maximum efficiency of 21.35% after 44 iterations at (Discharge
Voltage: 165.0 V, Magnetic Field Strength: 219.3 G, Keeper Current: 0.519 A, Cathode Flow
Fraction: 0.166, Magnetic Field Skew: -0.079). The dominance of the first two dimensions
(Discharge Voltage and Magnetic Field Strength) drives this optimization method as a 5%

change in the normalized discharge voltage may have a larger effect than a 50% change in
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Figure 5.10: Convergence for five-dimensional optimization showing: Total Efficiency, n;
Voltage (V), V; Field Strength (G), B; Keeper Current (A), KC; Cathode Flow Fraction,CF;
and Field Skew, S. a) shows Nelder-Mead, and b) shows Powell. The iteration with peak
total efficiency is marked with the dashed vertical line. The dimensions being optimized at
each step are indicated by the shaded regions.

the keeper current, cathode flow fraction, or skew. This makes fine tuning of the less gross

parameters difficult without significantly increasing the time to convergence.

The Powell method initially optimizes each dimension individually, see Fig. 5.10b. From
the starting point, only the discharge voltage, &, is adjusted with each iteration until it
converges. Then, the optimizer moves on to optimize the magnetic field, &, keeping the
optimum voltage. This continues through each dimension until iteration 27, where the
optimizer forms a conjugate vector from the initial minima of & and the minima determined

from the &5 vector. The optimizer then iterates one step either side of the current optima, and
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not finding improvement, confirms the optima meets convergence criteria. Five-dimensional
Powell increased the total efficiency from the two-dimensional optimization, reaching 23.24%
after three dimensions, 23.35% after four, and 23.41% in the fifth dimension. These efficiency
gains are in the order of the +0.5% uncertainty of the rapid measurement method, however
the data is consistent relative to the points around it, and the optimizers’ exploration in
the area increases confidence in the optimum location. The optimum was achieved after
27 iterations at (Discharge Voltage: 164.9 V, Magnetic Field Strength: 217.6 G, Keeper
Current: 0.392 A, Cathode Flow Fraction: 0.176, Magnetic Field Skew: -0.092).

The two algorithms agreed on the optimum voltage and magnetic field with a difference
of 0.1 V and 1.7 G, or 0.03% and 1.9% of full span, respectively. They differed more in the
less dominant dimensions with a keeper current delta of 0.127 A or 8.5% of full span, cathode
flow fraction delta of 0.01 or 3.33%, and magnetic field skew delta of 0.013 or 3.25%. As
previously discussed, the lower Nelder-Mead efficiency stems from the three less dominant
dimensions, as the algorithm cannot easily separate their influence from the more dominant

dimensions while maintaining the rate of convergence.

5.2.5 Discussion of Challenges and Limitations

It was found that the rapid thrust measurement method described in Section 5.2.2 achieved
similar accuracy to shutdown thrust measurements, provided sufficient dwell time at each
test point. However, the rapid measurement method has some limitations that must be
understood. These limitations stem from the differences between quasi-steady state, where
the anode has thermalized, and full steady state where the entire thruster has thermalized.

Before all tests the thruster was warmed up to steady state at the control point. However,
each test point will have a different thermal equilibrium that would take significant time to
reach, far longer than the dwell time. For instance, tests of a 4.5 kW Hall thruster with a
distributed array of 35 thermocouples investigated changes to thruster thermal performance
when adjusting operational inputs [116]. Doubling the anode mass flow rate required an

hour to achieve thermal steady state while changing the magnetic field setup took > 1.5
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hours. Further, the changes in the thruster temperature were non-homogeneous. Lower
magnet current resulted in increased plasma thermal loading near the exit plane, while
lower magnet power reduced temperature in the upstream parts of the channel. Increased
thermal loading from plasma also increases magnet power as they become more resistive
with increasing temperature. This could lead to magnetic circuit saturation which has been
shown to significantly affect performance and can lead to thermal mode shifts [94, 85]. Anode
temperature has been shown to have a significant effect on the neutral transit time of the
propellant, affecting the required mass flow rate, beam divergence, breathing mode frequency
and magnitude, and causing mode shifts [117, 118, 119]. The rapid measurement method
assumes the change in performance due to continued anode thermalization after quasi-steady
state is achieved is small compared to changes due to the different operating points. This has
been confirmed for total efficiency and thrust with the comparison points taken in Fig. 5.6a
showing good agreement between the thrust measurement methods. This holds true for test
points across the 2D parameter space including those with a higher discharge voltage than
the control point voltage. However, additional effects including changes to the discharge

oscillations in the thruster have not been studied.

There is precedent for using high-speed mapping without full thermal steady state. Maps
of the oscillations in Hall thrusters, including HERMeS and the XR-5, have been generated
using high-speed sweeps [49, 120]. This gives confidence that the operating point achieved
in the dwell time is representative of the final steady state operating point. While there is
still added uncertainty when using the rapid thrust measurement, the applicability of the

method as a tool to rapidly characterize and optimize a thruster is not diminished.

Limitations of the thruster-in-the-loop optimization vary by the algorithm used. While
the Powell method is efficient for five-dimensional rapid optimization, and scalable to higher
dimensions, this cannot be extended into the slow dimensions of ACME as iterations in any
of these slow dimensions or conjugate vectors would require a setup change between every
measurement. The methods used thus far do not have a complete ‘memory’ of the test points

recorded which is key for the optimizer to understand the relationship between the continuous
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and discrete variables, and to interpolate between the physical setup changes of the slow
dimensions. Therefore, when including the slow dimensions for a global optimization, more
complex methods are required. In this scenario, algorithms such as Bayesian Optimization
or Data-based Online Nonlinear Extremumseeker (DONE) are more appropriate, as they use
the results of all previous data to create a surrogate model of how the objective behaves in
its domain[121]. While these methods are more complex to implement, the surrogate models
they generate can provide greater detail on the performance of the thruster across higher

dimensional search spaces.
5.3 Chapter Conclusions

Novel experimental methods to rapidly characterize and optimize a Hall thruster have been
developed. The rapid thrust measurement method was demonstrated, mapping 72 test points
per hour, a > 6x improvement over shutdown measurements with an average error of 0.9%
compared to shutdown thrust measurements. Combining existing algorithms, rapid thrust
measurements, and a thruster-in-the-loop controller facilitated fully automated optimiza-
tion. Two-dimensional Nelder-Mead and Powell optimization schemes were able to converge
rapidly to maxima in total efficiency and specific impulse in under 15 test points. Powell’s
method remained effective in five dimensions with convergence in under 30 test points. Auto-
mated optimization in these higher dimensional spaces can expedite many stages of thruster
development by rapidly finding key operational areas of interest. The demonstrated plug-
and-play nature of the objective functions can further enhance the optimizer’s capabilities.
More complex functions allow for real time thruster-in-the-loop optimization that incorpo-
rates system mass, mission cost, required performance for maneuvers, etc., vastly improving
the potential functionality for mission specific optimization.

The investigation of rapid optimization was invited to, and published in, the Journal of
Electric Propulsion’s “Select Contributions from the 38th International Electric Propulsion

Conference”.
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Chapter 6

MODELING AND OPTIMIZATION OF PROPELLANT
MIXTURES FOR HALL THRUSTERS

The study, development and application of electric propulsion (EP) systems presents a
significant engineering challenge on many fronts. EP systems exhibit a range of physics
that are difficult to model [122, 123, 22], increasing the reliance on experimental results
to study observed phenomena, inform models, improve thruster designs, and characterize
performance for flight [50, 49, 124]. The experimental methods traditionally used involve long
test campaigns, iterating through large test matrices or performance maps. The results of
these campaigns are typically very large data sets with methodical analysis of single variables,
often relying on human interpretation to relate variables with complex dependencies [52, 53].
This approach is expensive and time consuming, and while successful, there is a need for
more advanced methodologies capable of capturing the complex inter-dependencies of these

high dimensionality systems.

The application of automation and computationally driven development described in
chapter 5 is continued in this chapter. However, where the focus was previously on rapid
optimization, we move to consider the more complete characterization of Hall thruster op-
eration. Here, we present a highly adaptable method, capable of creating surrogate models
of any quantifiable aspect of thruster operation using Gaussian Process Regression (GPR),
and of optimizing that aspect of thruster operation in real time using Bayesian Optimiza-
tion (BO). To demonstrate these methods, they are applied to the problem of modeling and

optimizing Hall thruster operation on argon, krypton, and xenon gas mixtures.

Xenon has been the propellant of choice for Hall thrusters over the majority of their fifty

years of flight heritage. With a low ionization energy, high ionization cross section, high
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atomic mass, and excellent storage density, xenon is ideal for EP. As a result, EP accounted
for 30% of global xenon usage in 2022 [125]. The limited and variable supply of xenon
drives cost fluctuations, causing many EP spacecraft, particularly large constellations, to
use alternative propellants [126]. Using krypton comes with decreased performance due to
the lower atomic mass, lower ionization cross section, and higher ionization energy compared
to xenon [53]. Some satellites and constellations have chosen to use even cheaper noble gases

by switching to argon, further exacerbating the performance drop [105].

The use of gas mixtures for EP aims to reduce costs while limiting the decrease in per-
formance. Studies of xenon/krypton mixtures have focused on ratios with large amounts of
both gases in step sizes of 20 - 25%, which found decreased efficiency with increasing krypton
fraction [127, 128, 129, 130]. However, specific impulse was observed be relatively consistent
across the range of mixtures at set discharge powers when krypton was run at higher current
densities [129]. This aligns with a study which showed vastly improved krypton performance
with increasing current density [131]. In addition to the previous findings, xenon injection at
1-4% as a tracer for LIF in krypton Hall thrusters was observed to significantly increase the
discharge current, suggesting that a small fraction of xenon aids in the ionization of kryp-
ton [132]. A study using a mixture of 26% argon and 74% krypton, found improvements in
the specific impulse and anode efficiency [106]. Similarly, another study found using xenon
as an ionization enhancer improved the performance in an argon Hall thruster [105]. The
results of these studies suggest that mixtures of xenon, krypton, and argon may be beneficial
in some operating regimes.

The study of gas mixtures adds additional dimensionality to the optimization of thruster
performance, resulting in a prohibitively large search space for mapping using conventional
approaches, thus creating an ideal test bed for these methods. The motivation for using
lighter, more abundant propellants, must also be captured in the analysis. While the pre-
viously noted studies focused on direct performance comparisons, this study will use the
total mission cost of a set of industry-relevant sample missions as an objective, therefore en-

compassing mission-relevant parameters including propellant costs, launch costs, and storage
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considerations. This chapter presents real-time thruster-in-the-loop optimizations and surro-
gate models for mission cost using experimental data of a Hall thruster operating on mixtures

of argon, krypton, and xenon.

6.1 Methods

Real-Time optimization, and data collection for surrogate models, requires the synthesis of
algorithmic elements with the automated control of test facilities, diagnostics, and thruster.
This section first details the algorithms used for the optimization and modeling of the Hall
thruster, and the objective functions and cost model used to define the optimization goal.
Then the experimental setup, including Hall thruster, vacuum chamber, thrust stand, and

control system are described in detail.

6.1.1 Modeling and Optimization

The modeling and real-time optimization of mission cost requires a set of methods, which
when combined, can generate a model of the total cost for a sample mission based on thruster
performance, and autonomously make decisions to sample the search space and find the
optima. This section will detail the GPR method used to generate surrogate models of the
search space, the BO used for real-time optimization, and the cost model used to define the

optimization objective for sample missions.

Gaussian Process Regression

Originally created for mining precious ores efficiently, the interpolation method known as
GPR is a powerful tool for making predictions with estimated uncertainty on the behavior
of an unknown function [133]. The interpolation is a type of surrogate model, which are
used in lieu of a physics based model due to the difficulty in directly modeling Hall thruster
operation. A surrogate model is a direct model of a system output (i.e. thrust) based on

the the system input (i.e thruster operating parameters). It does not contain any additional
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information of the system. Therefore to model another output (i.e. efficiency), a separate
surrogate model is trained. They are very efficient both computationally, and in the required
experimental data, however, their use comes at the cost of losing the deep understanding

physics-based models provide.

Physical measurements of the system, called observations, separated in control parameter
space can create a Gaussian kernel, or covariance function. Observations are interpreted as
draws from a random process, which we assume to be Gaussian, despite identical measure-
ments when an observation is repeated. The kernel predicts the surrogate model at a new
location in the search space by assuming a prior about the behavior of the space. We assume
as our prior the search space to be regular and continuous, and able to be approximated by

a constant locally.

The evidence of the observed points then forms their own probability distribution and
joint probability with the prior assumption. This gives the posterior probability distribution
using Bayes’ Theorem [134, 135]:

P(B[A)P(A)

B(AIB) =~

(6.1)
where P(A|B) is the posterior probability, P(B|A) is the likelihood, P(A) is the prior, and
P(B) is the evidence. Two or more spatially separated samples create a Gaussian kernel
or covariance function, approximating any continuous function arbitrarily well. The kernel
predicts the objective function at a new location using the Gaussian prior and a Gaussian
likelihood in Bayes’ Theorem. The resulting posterior distribution is also Gaussian. Due to
the use of probability distribution functions, an estimate of the mean and variance of the

surrogate model behavior is calculable using the Gaussian kernel:

X; — X5 2

where k is the autocorrelation, and o is the standard deviation, where both are positive to
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ensure a positive definite kernel. With this basis function, and f(x;) being the observation
(i.e. calculated total cost) at the point x; (i.e. the thruster operating point), the mean and the
standard deviation can be estimated from a series of points in the search space, {xq, ...,X,},
and their observations, {f(xg),..., f(x,)}. Here, the mean and standard deviation given by
the surrogate model are the predicted value and uncertainty at that operating point. In
this chapter we present surrogate models used to directly model thrust, specific impulse,
efficiency, and total cost of sample missions. The surrogate model is also key part in the

real-time Bayesian optimization of the thruster which will be detailed in the next section.

Bayesian Optimization

BO is a statistical reinforcement learning technique for discrete, multidimensional search
spaces where the objective function is expensive to evaluate, and the evaluation itself is a
black box [121]. Expense in evaluation here is the cost of taking data points by physically
running the thruster, while ‘black box’ refers to the inability to analytically predict the
performance. An objective function is defined as the goal of the optimization.

The process used in this application of BO for optimizing the thruster is shown in Fig. 6.1.
From the test start, the model can be initialized by previous data, or new random samples
in the search space can be generated and evaluated. A surrogate model of the search space
is created using the selected prior, and GPR using the initialization observations of the
objective process, { f(Xo) ... f(x;)} at the set of coordinates {xy,...,x;}. From the surrogate
model, an acquisition function is required to choose the next point for BO. This acquisition
function balances exploration and exploitation through calculating the posterior’s mean and
variance. Generally, acquisition functions are the expectation of observing a point which
produces a better result in the objective function than all points previously observed. It
does this through considering the mean and the standard deviation of the surrogate model,
versus the best point yet observed. While there are a number of possible acquisition functions,
“Expected Improvement (EI)” and, more recently, “log Expected Improvement (logEI)” have

dominated use in BO as they are simple to understand, provide a balance of exploration and
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exploitation, and are appropriate for scenarios where finding the maximum of the acquisition
function is less expensive than sampling more data [136]. Avoiding any possible vanishing
gradients in the acquisition function, “logEI” has recently shown consistent performance with
higher dimensional, noiseless systems, which can otherwise cause convergence issues with an

“EI” acquisition function [137]. As a consequence, “logEI” is used in our results.

Initialize Model v
With Existing =
Data?

No

Acquisition Function Selects R
Next Point: x;44 SRR
7 o f(xo, ..., X;)
Generate Measure Experimental
Random Point Thruster Performance
¥
i =F AF
Xj = Xit1
X No

Initial Points
Complete?
i> N?

Convergence
Criteria Met?

Yes

lYes

[Output Data and Optimum]

Figure 6.1: A flow chart showing steps to initialize a surrogate model with random data, and
run BO of the thruster using experimental measurements. Thruster operations are shown in
blue, optimizer functions in red, and start/stop points in green.
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With the acquisition defined, the BO algorithm proceeds by finding the location of the
maximum of the acquisition function, giving the next point, x;.1, for observation. This is
added to the data set of points and observations, and GPR is performed again on this updated
data set, continuing the optimization loop. The convergence criteria for the experiments run
was set to a number of iterations, allowing observation of the process for longer periods.

In order to evaluate each point, the thruster must be ignited and run at the operating
point, X;.1, the performance measured, and objective function, f(x;1), calculated. All these
processes, including running the optimization algorithm, require a dedicated control system

which will be detailed in section 6.1.2.

Objective Function and Cost Model

The objective function is the mathematical definition of the optimization goal. In this case,
we are aiming to minimize the total mission cost and must therefore be able to model mission
cost based on the thruster performance at an operating point, x, and the desired mission
specifications. To do this, a simplified cost model based on mass models in Ref. [138] is used.

The objective function, f(x), is taken as

f<X> = Ctotal = C1launch [mO (X)] + Csat [mp (X)] = Rlaunch”0 (X) + Csat [mp<x)]7 (63)

where Cioa is the total mission cost, calculated from the launch cost, Ciaunen, the cost of
the fully fueled satellite, Cy,, the specific launch cost in $/kg, Kjaunen, the launch mass of
the satellite, mg, and the set of input parameters, x = (va,, Vxe, Va, B, 1), defined by the
gas fractions of argon, xenon, and the discharge voltage, magnetic field strength, and keeper
current, respectively. The launch mass is constrained to 50 < my < 831kg with a specific
launch cost of Kjaunen = 65003 /kg to represent a smallsat ride-share on a Falcon 9 to a SSO,
LEO, or polar orbit [139].

With the specific launch cost defined, the dependence of the launch mass on the input

parameters and system needs to be considered. The launch mass of the satellite is the sum



105

of its constituent masses,

mo (X) - mpayload + Mbus + mpropulsion + mpower + Miank (X) + mp(X) (64)

where Mpayioads Mbuss Mpropulsions Mpower, Miank(X), Mp(X) are the masses of the satellite

payload, bus, propulsion system, power system, propellant tank, and propellant, respectively.

The tankless mass, Maniess; 1S the sum of the payload, satellite bus, propulsion, and
power system masses, and is set as a constant as part of the mission specifications. The tank
mass scales linearly with propellant mass [140], and is defined as Mmank(x) = x:(x)m,(x),
where y,;(x) is referred to as the tankage fraction, and depends on the tank type, material,

and the propellant mixture.

The launch mass may therefore be simplified to a linear function of the propellant mass
Mo (X) = Mtaness + [1 + Xe(X)Jmp (x). (6.5)

The ideal rocket equation closes the above equation, giving the m,(x) as,
my(x) = mo(x) [1 = elmin®)] (6.6)

where AV is a constant specified by the mission requirements, gy is the standard gravity, and
I, (x) is the measured specific impulse of the thruster calculated from the measured thrust
and propellant mass flow at operating point x. The launch mass can then be calculated
using the mission specifications, the performance measured from the thrust stand, and the

calculated tankage fraction as

Mtankless

1= 1+ ()] (1—6[@%])'

mo(x) =

(6.7)

To examine the influence of propellant storage technology on mission cost, we consider
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two different tank styles in our cost model: supercritical and cryogenic. Most noble gas used
in satellite propulsion is stored as a supercritical fluid, which allows for relatively light tanks
for xenon but incurs significant mass penalties when used for lighter gasses. With lighter
propellants, cryogenic tanks offer significant mass savings, but their use is complicated by the
proper balancing of the thermal load to maintain proper propellant flow [140]. The tankage

fraction for a supercritical thin-walled spherical tank is

o 3RTB Ptank

Xt sup(X) = 20 M (x) (6.8)

where R is the universal gas constant, 7' is the temperature, § is the safety factor, piank is
the density of the tank material, o, is the yield strength, and M (x) is the mean atomic mass

of the gas mixture [140].

The cryogenic tankage fraction is

Y (X) - 3Ptankﬁptank
t,cryo - T 5. _ N
Y 20y pp(X)

where P, is the tank pressure, and the density of the propellant mixture,

pp(x) =) 7 (X)p;, (6.10)

is the sum of the constituent species’ densities, p;, scaled by their respective gas fractions,
v;(x) [140] with yg,(x) = 1 — [yxe(X) + 74-(x)]. For all tank related calculations, the values

in Table 6.1 are used.

The launch cost is now fully defined; the other half of the total cost in this model, the

satellite cost, Csay(x) is
Csat (X) = CVpayload + Cbus + C’propulsion + C’power + Otank(x) + Op (X> (611)

where Chayioads Chuss Cpropulsions Cpowers Crank(X), Cp(x) are the costs of the satellite payload,
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Table 6.1: Tank specifications used for cost optimization [140, 141].

Specification Value
Tank Temperature (K) 300
Tank Density (kg/m?) 2700 (Aluminum)
Tank Yield Strength (Pa) 4.8 x 10® (Aluminum)
Supercritical Safety Factor 2.0
Cryogenic Safety Factor 3.0
Argon Cryo Density (kg/m?) 1392
Krypton Cryo Density (kg/m?) 2412
Xenon Cryo Density (kg/m?) 3080
Cryogenic Tank Pressure (Pa) 101325

bus, propulsion system, power system, propellant tank, and propellant, respectively. For
the purposes of this analysis, all but the propellant cost is reduced to a constant and are

therefore excluded from the optimization costs. The propellant cost C), is then
Cp(x) = Y ajm;(x), (6.12)
J

where o, k;, and m;(x) are the propellant cost factor, specific cost and total mass of
propellant, j. The propellant cost factor is a term used to scale the price of krypton and
xenon in an optimization to represent changes in the market price of the propellants. As
argon is more commonly available and has not seen significant historical fluctuations, ay, is
set at 1.0 for all tests. The specific cost of the propellants used are shown in Table 6.2.

An important factor not considered in this study is the influence of propellant mixtures

Table 6.2: Propellant costs used for optimization set at the 2015 price, a time of relative
stability, and comparable to current prices [142].

Propellant ‘ Specific Cost ($/kg)
Argon 5
Krypton 108
Xenon 3420
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on thruster lifetime. Previous studies suggest that the use of lightweight propellants increases
the rate of thruster erosion, reducing their life expectancy [143, 105]. This could be addressed
in future studies by creating an outcome constraint based on the lifetime required by the
mission specifications, and the life expectancy of the thruster given the propellants used.
However the lifetime of thruster is not sufficiently understood for an arbitrary gas mixture
and set of operating parameters, and therefore cannot be easily mathematically defined as
a constraint. Additional mission constraints can be added, such as a minimum required
thrust for maneuvers, maximum propellant mass, or even a maximum propellant volume.
As long as they can be mathematically defined and calculated from the thruster telemetry

and mission specification, they can be used as a constraint.

6.1.2 FEzxperimental Setup

An experimental setup was developed to characterize the performance of GPR for surrogate
model development and demonstrate our optimization method using the sample problem of
propellant gas mixtures in a Hall thruster. The setup includes the Hall thruster, vacuum
chamber, thrust stand, and control system used to run the thruster, collect test data, and

iterate the optimization algorithm. Each of these components are described in detail below.

ACME Setup

All testing was conducted using ACME V3, with a cathode-tied electrical configuration.
ACME was mounted in on the centerline of STF-2, on an inverted pendulum thrust stand.
An all-metal gas feed system with four MC-500 Alicat mass flow controllers delivered re-
search grade 99.9999% argon, krypton, and xenon to the ACME anode and cathode. During
operation, the pressure did not exceed 2 x107° Torr for the flow rates and gas mixtures
tested.

ACME has more than 10 dimensional control parameters that can be adjusted. These
parameters can be categorized into the real-time computer controllable ‘fast’ dimensions, and

the ‘slow’ dimensions which require mechanical changes to the thruster. The fast dimensions
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Table 6.3: ACME thruster fast dimensions, X = (Var, Vxe, Vda, B, Ix), that are computer
controlled during operation.

Fast Dimension Minimum Maximum
Argon Fraction, v, 0 1
Xenon Fraction, vx, 0 1
Discharge Voltage, V; 200 V 350 V

Field Strength, B 140 G 230 G
Keeper Current, I, 0A 1.0 A

are: xenon mass flow, krypton mass flow, argon mass flow, cathode mass flow, discharge
voltage, keeper current, inner magnet current, and outer magnet current. To reduce the size
of the search space, the data presented in this chapter was collected for a constant power of
1 kW. Gas fractions for the three propellant species are constrained to sum to 1. Therefore,

the gas mixture can be fully defined with the argon and xenon fractions.

The discharge current of a Hall thruster is controlled by the gas flow through the anode.
A PID controller reads the discharge current, and sets the total mass flow, which is then
split into the mass flow fractions for each of the gasses and sent to the three flow controllers
that feed the anode. The cathode operates on pure krypton to reduce the complexity of the
experimental setup with a fixed cathode mass flow fraction of 0.1 to reduce search space size
and to limit the influence of the cathode’s krypton flow on the main discharge. To further
reduce the dimensionality of the optimization, the field skew is fixed, resulting in the five
fast dimensions, x = (var, Yxe, Va, B, I1), listed in Table 6.3. The minimum and maximum
values listed are the bounds of the optimization search space. The optimization over the slow
dimensions of the ACME thruster is beyond the scope of this chapter, optimization methods
using the slow dimensions will be discussed in Section 6.2.4. A single configuration of slow
dimensions was used, with a pole position of 0 mm, anode position of 28 mm from the exit

plane, and keeper orifice flush with the center pole.

A vacuum gapped magnetic circuit limits the heat conduction from the poles on ACME;,

resulting in higher thruster operating temperatures. The anode temperature significantly
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affects the neutral transit time of the propellant, changing the required mass flow rate, beam
divergence, and breathing mode frequency and magnitude [117, 118, 119]. Lighter propellants
suffer more at higher thruster temperatures as the shorter neutral transit time exacerbates
problems due to the small cross section and higher ionization energy resulting in low mass
utilization efficiency [131]. With previous ACME setups, high operating temperatures also
led to magnetic circuit saturation, showing significant performance loss, and thermal mode
shifts [94, 85]. To reduce these thermal effects during optimization, all thrust measurements
are taken at a thruster temperature of 250 °C, as measured with a platinum RTD in the

inner pole of the thruster.

Control System and Real-Time Optimization

Thruster-in-the-loop optimization requires full computer control of power supplies, flow con-
trollers, and ignition ballast switching, along with all data acquisition. This is handled by
an updated version of the controller described in chapter 5.

Executing the optimization with the control system follows the flow chart shown in
Fig. 6.1 and detailed in section 6.1.1. Before starting the test, the thruster is warmed
up to a thermal steady state by operating at an standardized point. Steady state is achieved
when both the thruster temperature and propellant flow required to achieve the discharge
current are constant. Thermalization of the thruster to the target temperature before opti-
mization is key to taking repeatable measurements. Once the thruster is ready, the thruster
shuts off and cools to a start temperature of 220 °C. The optimization algorithm selects a
test point, x;,1, and the process of measuring thrust begins, consisting of ignition at the set
gas fractions, ramping the thruster setpoint to the desired parameters, and waiting for the
test end temperature of 250 °C. Once at temperature, the thruster is again shut off and the
thrust delta is measured. Taking another measurement requires cooling the thruster to the
start temperature, and repeating the process. The full cycle is completed with the shutoff
gas lines venting into the chamber during cool-down to eliminate cross contamination and

ensure accurate mixtures. After the optimization is complete, a single calibration mass is
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added and removed to confirm the calibration taken before testing. The thrust data is then
combined with the operating point and mass flows to calculate thruster performance, mission
parameters, and evaluate the objective function. Once the thruster has cooled, the cycle be-
gins again, with the new data point updating the prior. In the event of unplanned thruster
shutdown, the control system detects the drop in anode current, restarts the thruster, and
resumes the test. The end of the data set is defined as a set number of test points; once this

is achieved, the system shuts down and exports the data.
6.2 Results and Discussion

The aim of this chapter is to determine the efficacy of GPR in generating surrogate models,
and of BO in determining optima for given objective functions using experimental data. To
achieve this, these methods are applied to the operation of a Hall thruster running argon,
krypton, and xenon gas mixtures. This section initially demonstrates the application of BO
to a total cost optimization of an industry-relevant mission. Then, surrogate models are
assessed for accuracy, and the required number of data points is evaluated. Performance
trends of the gas mixture data are examined using these models to determine the behavior of
the propellant mixtures across the search space. Once models of the performance have been
assessed, the total cost surrogate model is used to optimize another sample mission, including
an analysis of how propellant storage technology influences that optimization. Finally, the
models are used to gauge the effects of real-world market forces with changing launch costs,
and propellant pricing.

The mission optimizations within this section use the three sample missions specified in
Table 6.4. They represent real-world EP spacecraft that have been designed for a diverse
range of missions. Mission 1 is an exploration probe, designed for analyzing near-Earth
asteroids for mineral content [144, 145]. It is a relatively light satellite with a very high
mission Av and will be used as the test case for assessing the efficacy of BO. Mission 2 is
a Very Low Earth Orbit (VLEO) satellite with a large Av requirement for orbit raising.

This mission will be used to assess the surrogate model optimization for both supercritical
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and cryogenic tanks, and to study the effect of propellant cost factor on the optimization.
Mission 3 is typical of a Low Earth Orbit (LEO) communications satellite used in large
constellations, it has a low Awv requirement, and will be used to assess the effect of specific

launch cost changes on the gas mixture optimization.

6.2.1 Bayesian Optimization of Missions

The goal of using Bayesian optimization is to rapidly investigate operational areas of interest,
in this case, we are interested in minimizing mission cost. As described in section 6.1.1, the
BO uses a surrogate model generated from an initial set of test points in the search space.
An acquisition function then selects new test points, x, with the aim of lowering uncertainty
in operational areas of interest, and of finding the optimum operating point. This rapidly
generates high confidence in the area of interest, rather than the ‘big picture’ given by the
surrogate models of the full search space presented in the next section, which require a
significantly higher number of test points, but do not necessarily have the sampling density
around the optimum.

To demonstrate the efficacy of Bayesian optimization, it was applied to the cost optimiza-
tion of mission 1, the asteroid-rendezvous probe, see Table 6.4. An initial surrogate model
was formed using 77 test points within the 5-dimensional parameter space in Table 6.3, and
at a constant power of 1 kW. These points were a combination of randomly sampled points,

and a previous optimization of a different mission. The surrogate model can use any existing

Table 6.4: Specifications for example mission optimizations (missions 1 & 2) and analysis of
cost factor and specific launch cost (Missions 2 & 3).

Mission 1 Mission 2 Mission 2 Cryo Mission 3
Mission Type | Exploration Probe VLEO Satellite VLEO Satellite LEO Com. Sat.
Meiankless (K9) 115 300 300 300
Av (m/s) 5000 4000 4000 600
Tank Type Supercritical Supercritical Cryogenic Supercritical
Cost Factor, ay 1.0 0.75 0.75 20.0
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Figure 6.2: a) Performance of Bayesian minimization on the total cost after initialization
on 77 randomly sampled points showing a trend in improvement of —7.7 x 10%*x + 1.56. b)
Convergence of towards the objective shown by the slope of linear fits to optimization data.

data within the search space as all data is converted to the desired mission specification.

Figure 6.2a shows the objective, total cost, for the 77 points used in the initialization,
and the 36 iterations of the optimization. The initialization points show two clear regions,
the first 38 points are from an optimization to a different mission, while points 39 to 77
are random samples from across the search space. The optimization of mission 1 shows
a clear trend with an overall minimization of the total cost function. A linear fit to the
optimization data gives a slope of —$77k per iteration as shown in Fig. 6.2a. Showing a
consistent convergence towards the minimized total cost, the majority of the linear fits to
subsets of the optimization trajectory data have negative slopes, shown in Fig. 6.2b. This
shows the the BO very rapidly finds the area where the minima of total cost exists, and
iterates in that region to reduce uncertainty in both the optimal operating parameters, x,

and total cost in that location, f(x).

We can compare the results of this local optimization to the full data set of 575 points
taken during this test campaign to determine the efficacy of BO in optimizing the mission,
and ensure the correct operational area of interest was identified. As with the initialization

set used for BO, the full data set is comprised of both random initialization points and
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Table 6.5: Comparison of the minimized total cost for surrogate models of the full data set
of 575 observations and the 36 BO observations.

Value at Optima All Data Bayesian Optimization
Total Cost ($M) 1.421 1.419
Xenon Fraction 0.00 0.0141
Argon Fraction 0.00 0.114
Discharge Voltage (V) 320 323
Magnetic Field Strength (G) 141 151
Keeper Current (A) 0.276 0.617

optimizations to a range of mission specifications. This test can determine how well local,
directed sampling can match the larger data set. Table 6.5 shows a comparison between
the surrogate model from the BO data, to the model formed from the full data set. The
difference between the reported minima for total cost is less than 0.2% at $1.2k, well within
the uncertainty of the full model. The operating points chosen by each model are close in
xenon fraction, discharge voltage, and field strength. However they are significantly different
in argon fraction and keeper current, for two different reasons. The keeper current varies
between the points as the influence on the total cost is relatively low in this region. Querying
the full model for this operating point with keeper currents of 0.276 and 0.617 A (the reported
optima), gives only an $800 difference between them. The argon fraction has a much larger
influence on the optimization, however in the region of interest, the specific impulse remains
relatively constant, and the additional launch cost due to the higher tankage fraction is
balanced by the lower propellant cost. This can be visualized in Fig. 6.5, and the trends in

performance will be discussed in section 6.2.2.

6.2.2  Surrogate Models

With the local accuracy of BO built GPR models demonstrated, the requirements for achiev-
ing good accuracy across the whole search space must be assessed. To calculate the depen-

dence on sample density, a series of tests were run with an increasing number of samples,
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ng, used to train a surrogate model of thrust. At each value of ng, 10 randomly selected
comparison points, X., with thrust values 7., are removed from the pool of all test points
x;. A model is then trained on n, randomly selected from the remainder of the pool. As
the comparison points are not used to train the model they are compared against, they can
be considered independent. This model is then evaluated at each x. and the normalized ab-
solute error |[T. — F'(x;)]/T.|, and the model’s confidence interval from the Gaussian kernel
in Eq. 6.2 are recorded. Bootstrapping is used with randomized resampling until 1000 x.
evaluations have been completed. Figure 6.3 shows a comparison between the mean 95% con-
fidence interval of the surrogate model and the normalized absolute error for models trained
with 2 to 550 samples. As the number of samples increases, both the model’s confidence
interval and the mean error initially decrease before leveling off. The value they level off to
is roughly equivalent to the uncertainty in thrust due to the accuracy and repeatability of
the control system. The most significant source of error in the control system is the real time
measurement of the anode current used to control the PID for anode gas flow. Error due
to thrust measurement, and power supply control also contribute, albeit to a lesser extent.
Increasing the number of samples beyond this point cannot improve accuracy beyond the
uncertainty in the physical system. Therefore the 575 points measured during testing are

sufficient to train a model which fully describes the performance of the system.

This is a relatively sparse data set for the utility it provides, particularly because new
surrogate models with new objective functions can be calculated using the operating param-
eters, the measured thrust and propellant flow rates, and the mission specifications. This is
the key difference between the more directed BO informed models, and the larger datasets
used in this section. New objective functions or mission specifications can form a new model
without the need to re-run the thruster, allowing a wide range of mission and operational
analysis. To demonstrate the application of surrogate models to modeling and optimizing
a range of objective functions, trends in the thrust, specific impulse, and total efficiency
of gas mixtures will be analyzed across the fast, computer-controlled dimensions shown in

Table 6.3. These models will give insight into the behavior of the thruster across the search
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Figure 6.3: Evolution of the surrogate model for thrust with an increasing number of samples
used to train the model. At each number of samples, the mean 95% confidence interval of the
surrogate model, and the mean model error is evaluated for 1000 comparison points using
randomized subsets of the data.

space and can be compared to previous investigations of gas mixtures. Additionally, these
performance optimizations will be used to assess how the thruster is operating for the mission

optimizations in section 6.2.3.

Results from this analysis are shown in Figures 6.4-6.7. For each of the objectives pre-
sented, the model is evaluated on a triangular grid of gas mixtures. This is not required for
an optimum to be found from the surrogate model, but is presented to visualize the behavior
of the thruster in a human-interpretable way. Each of the 1035 points on the grid represents
a fixed gas mixture, the optimal free parameters (discharge voltage, magnetic field strength,
and keeper current) are determined at each point using the Nelder-Mead optimization scheme
on the surrogate model posterior [113]. The five ternary plots for each objective show the
best optimization for each gas mixture point, the associated uncertainty in the model, and

the discharge voltage, magnetic field strength, and keeper current.
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Thrust Optimization

Figure 6.4 shows five ternary plots of the surrogate model trained to maximize thrust. A
peak thrust of 71.2 mN is seen at 100% Xe and a discharge voltage of 241 V| field strength of
216 G, and keeper current of 0.59 A. The optimum thrust drops to 54.5 mN on pure Kr, and
36.7 mN on pure Ar. The optimal thrust on each of the pure propellants is towards the upper
end of the expected ranges of thrust to power ratio observed in other Hall thrusters [146, 77,
147, 129, 105] which is the expected result of the optimization. The plot shows a smooth
monotonic decrease in thrust away from the optima with no significant drops, indicating that
there are no mode shifts with changing gas fractions at these operating points. The only
exception to this is the noise around the high krypton, low argon region where two modes or
operating points may have similar thrust causing the optimization to converge to different
points. The standard deviation in the model, Fig. 6.4b, shows high confidence in the thrust
model, particularly in the xenon rich region. The uncertainty increases in the region with
high xenon and argon fractions as no optimizations converged in this space leaving only the

initialization samples.

The operating conditions corresponding to the optimal thrust at each gas fraction are
shown in Fig. 6.4c-e. Looking at the discharge voltage trend, we see that the discharge
voltage is relatively low across the full range of gas mixtures, indicating a strong preference
for high current densities in the thrust optimization. This trend agrees with previous studies
of alternative propellants for Hall thruster operation which found that high current densities
were key to improving mass utilization efficiency and global performance on krypton [131].
The optimal discharge voltage is highest in the region from 100% xenon to a mix of 60%
xenon and 40% krypton, dropping off significantly with small fractions of argon, or larger
fractions of krypton. This indicates that larger xenon fractions enhance the ionization of
the krypton, reducing the reliance on higher current densities, and allowing for higher ion
energies. Increasing xenon in a xenon/krypton mixture has previously shown enhancement

in krypton ionization rates as xenon dominates upstream ionization, increasing the ionization
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Figure 6.4: a) Optimized thrust for mixtures of argon, krypton, and xenon. b) The standard
deviation of the optimized thrust at each point. c¢) The discharge voltage for optimized
thrust at each point. d) The magnetic field strength for optimized thrust at each point. e)
The keeper current for optimized thrust at each point.
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rate of krypton in the downstream region [107].

The optimal magnetic field strength shown in Fig. 6.4d shows a dominant trend of in-
creasing field with increasing average atomic mass, matching the increasing discharge voltage.
The keeper current in Fig. 6.4e decreases with increasing xenon. However, in comparison
to the discharge voltage and magnetic field strength, the influence of the keeper current is
relatively small. The reason for the invariance with respect to krypton/argon balance could
be attributed to the relatively consistent discharge voltage and magnetic field strength in

the low xenon region.

Specific Impulse Optimization

The specific impulse optimization, see Fig. 6.5, will give a strong indication of the results of
the mission optimizations as it determines the required propellant mass, see eqn. 6.6. As the
specific launch cost is significantly higher than even the cost of xenon, the propellant mass
will be a strong driver of the mission optimizations. As with the thrust optimization, the
five ternary plots show the optimized specific impulse, the standard deviation in the model,
and the discharge voltage, magnetic field strength, and keeper current at that optima. The
specific impulse optimized to a mixture of 24.1% xenon and 75.9% krypton with a specific
impulse of 1420 s at a discharge voltage of 348 V, a field strength of 230 G, and a keeper
current of 0.38 A. For the pure propellants, the optimal specific impulses are: 1411 s for
Xe, 1357 s for Kr, and 1123 s for Ar. As expected, the specific impulse optimized to high
discharge voltages, as the increased potential accelerates ions to a higher velocity. Unlike
the thrust optimization, three distinct regions are visible. These regions are indicative of
different discharge modes of the plasma, and are made apparent by the sharp transitions
consistent across the plots. The xenon rich region where the optima was found was observed
to be in a Jet mode and is operating at a higher discharge voltage and field strength. As the
argon and krypton fractions increase, there is a discontinuity in the specific impulse, and the

optimal operating points. In this middle region, observed to be a Diffuse mode, the specific
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Figure 6.5: a) Optimized specific impulse for mixtures of argon, krypton, and xenon. b) The
standard deviation of the optimized specific impulse at each point. ¢) The discharge voltage
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specific impulse at each point. e) The keeper current for optimized specific impulse at each
point. The discontinuities in the gradient show the locations of mode shifts in the Hall
thruster discharge, indicating where the optimum discharge parameters change significantly.
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impulse has optimized to a low field, but still relatively high discharge voltage. As the argon
fraction increases further, there is another discontinuity where the potential drops and the
field strength jumps to the upper bound. Argon, being more difficult to ionize, required a
larger magnetic field strength but a smaller discharge voltage and therefore higher current
density to maximize the specific impulse, which is reflected in the plot for higher argon gas
fractions.

The optimization of specific impulse seen here with a significant fraction of krypton
is similar to the results of Ref. [106], where a mixture of 26% argon and 74% krypton
improved specific impulse over pure krypton propellant. While these are mixtures of different
propellants, they indicate that the configuration of the thruster, particularly channel length,
and power level used may favor propellant mixtures. The results of Ref. [129] showed a nearly
constant specific impulse across the full range of tested xenon/krypton mixtures. This also
agrees with the xenon/krypton mixtures demonstrated, where the specific impulse varies
by only ~10 s in the regions either side of the mode transition. As previously observed
on ACME, the Jet mode is dominant at higher powers, indicating that the high specific
impulse region would expand with increasing power, resulting in a single mode covering the

full xenon /krypton axis and therefore consistent specific impulse across the full length.

Total Efficiency Optimization

The total efficiency optimization gives a third comparison point which will be used to assess
the mission optimizations and understand why they converge to particular operating points.
The optimization seen in Fig. 6.6a shows a peak total efficiency of 0.442 while running on
100% xenon at a discharge voltage of 270 V, a field strength of 207 G, and a keeper current
of 0.00 A. The optimum total efficiency drops to 0.329 on pure Kr, and 0.188 on pure Ar.
The optimized efficiency with xenon, and the drop in efficiency to krypton, then argon,
due to lower ionization cross section and higher ionization energies, are in line with other
comparisons in literature [106, 148, 129, 105]. The uncertainty in the model is low across the

high krypton and xenon regions with increasing uncertainty closer to argon. This increased



122

0.020

0.40 o

g 0.018§|§

0352 0.016% 5

3 001435

0302 R

5 0.0123 &

[e]

0.25% 0.010~ 2

0.20 0.008
Xenon Fraction Xenon Fraction

N N N

By [e)] (0]

o o o
A ‘@beyjop abieydsia

N
N
o

Xenon Fraction

= 1.0
2208
a 0.8%
2007 8
pa 0.6%
= e}
o (=
180 0 0_4;?;
g 2
1603 02>
5
140 @ 0.0
Xenon Fraction Xenon Fraction

Figure 6.6: a) Optimized total efficiency for mixtures of argon, krypton, and xenon. b) The
standard deviation of the optimized total efficiency at each point. ¢) The discharge voltage
for optimized total efficiency at each point. d) The magnetic field strength for optimized
total efficiency at each point. e) The keeper current for optimized total efficiency at each
point. The discontinuities in the gradient show the locations of mode shifts in the Hall
thruster discharge, indicating where the optimum discharge parameters change significantly.
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uncertainty can be attributed to the operating points in this region optimizing to the upper
or lower bounds of the discharge voltage, magnetic field strength, and keeper current. At
the bounds, the surrogate model only has data on one side of the point for these dimensions,
thus reducing the ability of the model to interpolate and increasing the uncertainty.

The efficiency drops significantly towards regions with high argon fractions, but has
a relatively low gradient in the region near pure krypton. This indicates that mixtures of
krypton with low fractions of argon may reduce propellant costs while mitigating performance
drop. The plots show three mode regions which are particularly visible on the magnetic
field plot, see Fig. 6.6d. The majority of gas mixtures show a single trend of decreasing
magnetic field strength away from pure xenon, and discharge voltage decreasing away from
the krypton/xenon boundary. Similar to the thrust optimization, the current density is
high across this region; as previously discussed, this improves mass utilization on lighter
propellants, improving total efficiency. Close to pure argon, the magnetic field strength
jumps to the upper bounds, likely to reduce electron diffusion to the anode from the high
neutral density. An additional, distinct region appears around a xenon fraction of 0.75 and
argon fraction of 0.25. This region has a field increase of around 20 to 30 G, and slightly
higher discharge voltage relative to the nearby mode. This may be indicative of a change in
the convergence of the optimization at these points due to the sparse sampling in that region
as it does not resemble the defined lines from other observed mode transitions.

With the exception of boundaries between different modes, small fractions of propellants
were not observed to have significant impact on thrust, specific impulse, or total efficiency.
The significant increase in current, reported in Ref. [132], and attributed to increased ioniza-
tion due to small xenon fractions, was not observed. Trends in all three performance models
showed relatively smooth monotonic improvements in performance, and good agreement with
previous investigations of gas mixtures.

This indicates that there is no special advantage to the use of pure propellants, as they
do not offer any measurable advantage when compared to the mixtures around them. The

relatively high specific impulse seen with large krypton fractions, and the significantly lower
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cost, suggest that this area will be favored by mission optimizations, as would be expected

with current trends in real-world spacecraft propellant.

6.2.3  Surrogate Model Mission Optimization

With the performance across the gas mixtures having been assessed, the surrogate model will
now be used with the more complex objective function of mission cost. This will demonstrate
the surrogate model describing and optimizing this five-dimension system with complex inter-
dependencies to a more convoluted objective function. The objective of total mission cost
depends on the performance of the thruster, the mission specifications, and the operating
point. Initially the system is optimized to the given mission specifications, then output
constraints are added to assess the effect of minimum thrust requirements on the operating
point. Finally the dependence on mission specifications will be investigated, demonstrating
how the models can be used to explore the relationship between model inputs and resulting

optima.

Mission Cost Optimization

The surrogate model for total cost is trained with the same data used for the performance
optimizations, the objective is simply changed to total cost, and a set of mission specifications
are provided. Two optimizations are run using mission 2, a small VLEO observation satellite,
with Mankess Of 300 kg, that experiences significant atmospheric drag requiring the large Av
of 4000 m/s to maintain orbit. The optimization will be run with both supercritical or
cryogenic tanks, see Table 6.4. The propellant price used reflects prices in 2016-2018 when
propellant prices were relatively constant before the price fluctuations seen since 2020 [142].
The comparison of cryogenic tanks is included to see how advances in propellant storage
technologies influence optimal propellant mixtures.

Figure 6.7a and b show the total cost optimization and associated uncertainty for mission
2 with supercritical propellant storage. It optimized to a mixture of 72.7% krypton and 27.3%
xenon, a discharge voltage of 350 V, a field strength of 230 G, and a keeper current of 0.368 A,
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Figure 6.7: a) Optimized total cost for mixtures of argon, krypton, and xenon for mission 2
(VLEO satellite). b) The standard deviation of the optimization for mission 2. ¢) A repeat
optimization of mission 2 with cryogenic propellant tanks. d) The standard deviation of the
optimization for with cryogenic tanks.
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giving a tankage fraction of 0.45. The operating points are very close to the specific impulse
optimization at the same gas fraction shown in Fig. 6.5. The significant xenon fraction is due
to the specific launch cost being higher than the price of xenon, penalizing high propellant
mass and tankage fraction in the optimization. The increased performance and decreased
tankage fraction of xenon is therefore enough to counteract the increased propellant price.
The uncertainty in total cost is low in the region of interest, giving good confidence in the
model, and increases with the total cost further from the optima.

Figure 6.7c and d show the optimization and uncertainty for mission 2 with cryogenic
propellant storage. Here the tankage fraction is very small, < 1 % of the supercritical tankage
fraction, and therefore has far less effect on the optimization. The cryogenic storage shifted
the optimum significantly, with a mixture of 93.2% krypton and 6.8% argon, a discharge
voltage of 311 V, a field strength of 140 G, and a keeper current of 0.427 A, giving a tankage
fraction of 0.001. As with the supercritical storage, this operating point is very close to the
same voltage and field strength as the specific impulse optimization for this gas fraction.
As a demonstration of surrogate models, this shows how different mission profiles can be

compared without taking additional data.

Output constraints can be used to add additional mission requirements into the optimiza-
tion. For example, it is possible that a spacecraft could require a minimum level of thrust
to complete required orbital maneuvers, therefore setting a constraint on the thrust. The
results of our thrust optimization show that lighter propellants generally operate at smaller
thrust levels (Fig. 6.4a). Therefore, it is possible that some mixture ratios or other operating
parameters may not be capable of satisfying a minimum thrust requirement. We find that
adding a minimum thrust to mission 2 moves the optimum towards heavier propellants, as
they produce higher thrust at equivalent operating parameters. For example, a minimum
thrust of 45 mN moves the optimum to a gas fraction of 63% krypton and 37% xenon for a
supercritical propellant tank. A 50 mN results in a fraction of 54% krypton and 46% xenon.
In each case, the discharge voltage, magnetic field strength, and keeper current remained

constant. The invariance of these operating parameters when adding the thrust constraints
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can be explained by the specific impulse optimization in Fig. 6.5a. These optima are all
within the jet mode region, where the ISP optimizes to the upper limit of voltage and field
strength, and the lower limit of keeper current. Moving to heavier propellants provides addi-
tional thrust while maintaining the other operating parameters to maximize specific impulse

and therefore minimize launch mass.

Propellant Cost Sensitivity

The sample mission demonstrated the use of surrogate models to optimize thruster operation
to a more complex objective function than pure performance. However, the surrogate models
can further breakdown the different drivers behind these optimizations and allow us to study
how external factors can affect the mission optimizations. The most significant driver behind
the move to lighter propellants is the limited and variable supply of xenon. The optimizations
in section 6.2.3 were run with propellant prices prior to the fluctuation seen in 2021-2023,
where krypton and xenon prices increased by a factor of ~20. We will now investigate how
changing propellant prices influence mission optimization.

Figure 6.8 shows the optimization for total cost of mission 2 with a variable propellant
cost factor ranging from 0.01 to 1000. Recall that the cost factor represents the increase in
xenon and krypton price to model changes in supply and demand (see Eq. 6.12). Both the
supercritical and cryogenic tanks are shown with the solid, and dashed lines, respectively.
While the propellant cost factor is very low, propellant is essentially free, and the optimal
solution is found to correspond to thruster operating points that maximize specific impulse,
and therefore minimize launch mass. This gives an operating point for both tank types close
to the optima for specific impulse seen in section 6.2.2. As the cost of krypton and xenon
increase, the optimal point for the supercritical tank slowly increases in krypton fraction
before fully switching at a propellant cost factor of 0.45. At the switchover point, the
propellant cost decreases significantly and the launch cost increases by the same amount.

The operating point maintains a high discharge voltage until a propellant cost factor of

40 where the argon fraction begins increasing and the optimal operating point moves to a
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higher current density as seen in section 6.2.2. The change in optimal mix from pure krypton
to pure argon is a balance of launch cost and propellant cost. Once the optimal mix is pure
argon, the total cost remains consistent as the cost factor only affects krypton and xenon.
The total cost slightly overshoots during the transition to argon due to the Nelder-Mead
optimization at these points converging with a very slight error which is amplified by the
high propellant prices.

The cryogenic tankage fraction is very small, causing the optimal propellant mix to switch
to pure krypton much earlier than with the supercritical tank, at a propellant cost factor of
0.014. The increase in total mission cost at this point is around 1% due to the small increase
in propellant mass being matched by the cheaper propellant. As the propellant cost factor
continues to increases past 15, the optimal propellant abruptly switches to pure argon, and
the discharge voltage decreases from the high specific impulse operating point into the lower
voltage, higher current density mode preferred by argon. Once again, the total cost remains
constant past this point.

The thrust, efficiency, and specific impulse, along with the operating parameters, show
that both tank types run at the same three operating points across the full range. The
performance drops significantly as the optimization moves to each successively lighter gas.
The higher tankage fractions of the supercritical propellant storage results in larger regions
of cost factor optimizing to mixtures of gasses. This is because the increasing propellant cost
is balanced with the decreasing cost to launch both the tank and the propellant. For the
cryogenic tank, the switch to pure argon occurs before the historical peak of ~20, suggesting
that, within the limits of both the thruster surrogate and mission cost models, the cheapest

mission in 2021 would have been a fully argon satellite with a cryogenic tank.

Launch Cost Sensitivity

While cost factor is the main driver of propellant choice, the strongest driver of total cost
is the specific launch cost. Therefore, we now examine the influence of specific launch cost

on propellant mixture optimization. The optimization will be applied to mission 3, a LEO
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communication satellite, similar to some current and planned satellite constellations. A
propellant cost factor of 20 is used to highlight the state of the propellant market in 2021
that led to the decision to use lighter propellants. In all previous models, the specific launch
cost has been set at SpaceX’s advertised 6500$/kg ride-share price [139]. Here, we extend
the range to a maximum specific launch cost of 10,000 $/kg, corresponding to values found
in the early 2000s [149].

Starting at the maximum launch cost shown in Fig. 6.9, we see that the propellant cost
factor causes the optimum propellant mix to be pure krypton, with an operating point
to maximize the specific impulse. As the price decreases to the current ride-share price
(indicated by the vertical dotted line), the optimal operating point remains constant. As the
price decreases below 6000$/kg, the optimal discharge voltage begins to decrease slightly,
and at 5000%$/kg, the optimal argon fraction begins to rise. As the argon fraction increases,
we see the voltage continue to decrease, moving to the higher current density mode seen in
the specific impulse optimizations in section 6.2.2. At a specific launch cost of 2800%/kg,
the optimal gas mix is an even mixture of krypton and argon, and at 2100$/kg the optimal
propellant is pure argon.

We can compare these thresholds to reported launch costs for similar real-world missions.
The public price of a full Falcon 9 was 2700$/kg in 2010 [149], with internal pricing estimated
to be as low as 1000$/kg in 2024 [150]. At these price ranges, the results of the model align
with the observed decisions made across several satellites and constellations with moves to

lighter, cheaper propellants due to the potential for future market fluctuations.

6.2.4 Adaptability and Limitations of Gas Mixture Optimization

The results seen in the previous sections indicate that gas mixtures can be beneficial to
mission cost optimization and, at the right operating points, provide a relatively continuous
range of performance. Due to the constraints of the laboratory power supplies, the bounds
of the optimization were set to a discharge voltage of 200 to 350 V, resulting in a channel

current density between 0.17 and 0.3 A/cm?. It is clear from both the thrust and efficiency
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models, which optimized to the upper current density limit for much of the test area, that
even higher current densities would further improve performance. Demonstrations of the H9
Hall thruster on krypton at high current densities showed improvements to both efficiency
and specific impulse with increasing current density, a trend which continued to the tested
limit of 0.45 A /cm? [131]. This result suggests that there is increased performance that could
be extracted for this setup of ACME.

The performance comparisons presented were demonstrated with, and therefore represen-
tative of, a single physical configuration, of a particular thruster (ACME), at a single power
level. They therefore do not account for changes in thruster design that would improve
performance in some regions, particularly on lighter propellants. This could be investigated
with the adaptability of ACME, where the slow dimensions (pole position, anode position,
and cathode position) could be added as dimensions into the surrogate models, allowing
for trends to be observed across physical thruster changes. Adding this would incorporate
thruster design into the modeling of gas mixtures and give insight into the optimization
of lightweight propellants, and the relationship between the channel depth, field strength,
discharge voltage, and field inclination. Setups of ACME with a range of inclined fields have
demonstrated reduced plume divergence and improved performance on krypton, counteract-
ing the increased divergence seen from the ionization region moving towards the channel
exit [107, 95]. As demonstrated in section 6.2.3, decreasing launch costs give justification
for focused development of an argon, or predominantly argon, specific Hall thruster. As
ACME was not designed, or specifically setup, to run on argon, there are significant per-
formance gains that could be achieved in changes in the design, higher current densities,
and higher power [151]. Even small performance improvements could yield significant cost
savings, particularly in a volatile and capacity constrained propellant market.

While the cost model is simplified, it demonstrates the technique’s ability for finding
optimal operating parameters, and describing the effects of gas mixtures on performance
and total cost. More complex cost and mass models, adding scaling for thermal, power and

propulsion systems, or even full satellite scaling can be all be applied to the existing models
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of performance, however, such additions require detailed subsystem scaling are therefore

beyond the scope of this work.
6.3 Chapter Conclusions

In order to more efficiently characterize and develop electric propulsion systems, a method
capable of creating generalizable models with Gaussian Process Regression and running real-
time Bayesian optimization has been developed. To demonstrate these methods, they were
applied to the problem of modeling and optimizing Hall thruster operation on argon, kryp-
ton, and xenon gas mixtures with a series of industry-relevant sample missions. Real-time
Bayesian optimization of an asteroid-rendezvous mission converged rapidly on a global min-
ima, with a mission cost within 0.2% of the cost found on a larger surrogate model. This
demonstrated both the ability of the optimization methodology to quickly find the optimum
in five dimensions, and the localized accuracy of the surrogate models created from optimiza-
tion data. Surrogate models of performance and sample mission cost accurately captured the
operation of a Hall thruster in five dimensions, revealing the ability to capture mode changes
across gas mixtures. For the sample missions explored, surrogate models demonstrated the
capability of finding optimal gas mixtures and operational parameters to minimize total mis-
sion cost for a given cost model. Investigating the effects of the volatile propellant market
and decreasing launch costs showed trends consistent with real world changes to spacecraft
propellants, particularly those in large constellations. Notably, the methods developed here
were able to analyze an electric thruster in five dimensions using fewer experimental data
points than would be required using traditional experimental methods in just three dimen-
sions. Such a tool has the potential to drastically increase the scope of experimental test
campaigns by efficiently modeling complex inter-dependencies in higher dimensional spaces.

The investigation was invited, and has been submitted, to be published in the Journal
of Electric Propulsion’s “Special Issue of the 39th International Electric Propulsion Confer-

ence”.
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Chapter 7

CONCLUSION

Experimental characterization of Hall thrusters and other electric propulsion systems is a
fundamental cornerstone in their research, development, and testing. Thus the advancement
in experimental tools and methods is of the upmost importance. This dissertation covers
the four primary approaches aimed to advance techniques in electric propulsion research, to
more effectively, efficiently, and expeditiously characterize and develop electric propulsion

systems. The methods and key findings are summarized in this section.

The first approach used to advance electric propulsion testing was the development of the
The Adaptive-field Central-cathode Magnetically-shielded Electric (ACME) Hall thruster.
The design of ACME is unique in the Hall thruster world. It was designed as a dedicated
research device, to be rapidly reconfigured to a wide range of experimental setups without
disassembly or rebuilding. The variable pole positions of the thruster were designed to study
the influence of magnetic field structure on thruster behavior and performance. To achieve
this, the thruster’s magnetic circuits are adjustable, not just through current in the inner
and outer electromagnets, but by physically moving the inner and outer poles relative to
each other. The design of the poles and magnetic circuit ensured the shape of the shielding
on each of the poles remains consistent. The initial test campaigns presented were used to
inform design iterations, and demonstrated a range of plume shapes from highly divergent
to over-focused. The evolution of the thruster through three design iterations has expanded
it’s capabilities and remedied it’s most significant deficiencies, resulting in a highly capable
research thruster for SPACE Lab. The ACME Hall thruster has played a key role in the
research presented in this dissertation, providing a versatile platform that could be adapted

for each of the test campaigns.
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The ACME V2 test campaign revealed that the combined efficiencies of plume diagnostics
likely weren’t sufficient to fully characterize the most divergent plumes. While this was not
conclusive, methods for improved plume characterization were investigated. The focus of
this investigation was the Retarding Potential Analyzer which is traditionally located on the
centerline of the thruster. Previous studies have shows the Ion Energy Distribution Function
measured by a RPA can exhibit a strong angular dependence [87, 71]. Therefore this study
aimed to investigate the efficacy of centerline and angularly resolved IEDFs in describing
the operation of electric propulsion systems with varying plume structures. To assess these
methods, the ACME Hall thruster was operated at a range of pole positions ranging from
highly divergent to over-focused. At each of these pole positions the performance of the
thruster was characterized with both plume diagnostics and a thrust stand. While the
standard method of taking the peak of the IEDF on the centerline of the plume was sufficient
to describe the voltage utilization while the plume was well focused. Only the integrated
IEDF was sufficient to fully characterize the plume at all pole positions. Integrating the
angularly resolved IEDF is therefore clearly beneficial in the study of divergent plumes or
novel thruster concepts where the structure of the plume is unknown. Improving the method
with the use of a collimated RPA is suggested as it would minimize the broadening effect
and decrease the underestimation of the voltage utilization efficiency [98, 71]. While not
necessary in most operational Hall or Gridded ion thrusters, current research into alternative
lightweight or molecular propellants, or the recent push to air-breathing EP, may require such
methods due to increased plume divergence and shifts in the ionization and acceleration
regions of multi-species propellants [105, 106, 107, 108, 109, 110, 111]. These propellants
also require increased flow and may not be pumped as effectively, and therefore may benefit
from the improved CEX correction over the full plume, without having to take measurements

at multiple background pressures.

This test campaign found a peak efficiency at the -4 mm pole position, driven by im-
proved current utilization efficiency and good divergence utilization efficiency. The significant

decrease in flow required at negative pole positions is of particular interest for future inves-
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tigations. It was hypothesized that this was due to the cathode positioned closer to the
higher density plasma combined with the lower magnetic fields required on the inner pole
improving cathode coupling. Combined with the improvements to the divergence and cur-
rent utilization efficiency, there may be gains that can be achieved with other Hall thrusters
with centrally mounted cathodes.

The second major research direction was in the application of automation and machine
learning. This was split into two main approaches that aimed to expedite thruster develop-
ment in different ways. The first approach was rapid thruster-in-the-loop optimization, with
a primary aim of advancing automation to drastically reduce the required test time for electric
propulsion test campaigns. This was motivated by the decreasing costs for access-to-space
and the rise in small satellite constellations which have driven the need for a greater num-
ber of systems that are cheaper to design, test, and manufacture. The traditional method
of characterizing thruster performance across parameter maps is costly in propellant and
facility use, and development time. Therefore, a rapid thrust measurement method was
developed that significantly reduces the time required to characterize a thruster setpoint.
This was combined with full end-to-end computer control and real-time thruster-in-the-loop
optimization using Nelder-Mead and Powell optimization schemes.

Two-dimensional Nelder-Mead and Powell optimization schemes were able to converge
rapidly to maxima in total efficiency and specific impulse in under 15 test points, or just 11
minutes. Powell’s method remained effective in five dimensions with convergence in under
30 test points. Automated optimization in these higher dimensional spaces can expedite
many stages of thruster development by rapidly finding key operational areas of interest.
The demonstrated plug-and-play nature of the objective functions can further enhance the
optimizer’s capabilities allowing optimization to any mathematically definable thruster goal.

The second approach to the application of automation and machine learning continued
real-time optimization and added more complex modeling capabilities. However, in contrast
to the goal of the ‘rapid’ method, the goal of this approach to machine learning was to

characterize more complex systems allowing for greater analysis capabilities. This resulted
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in a highly adaptable set of methods, capable of creating surrogate models of any quan-
tifiable aspect of thruster operation using Gaussian Process Regression, and of optimizing
that aspect of thruster operation in real time using Bayesian Optimization. These methods
were demonstrated by modeling and optimizing the operation of ACME on argon, krypton,
and xenon gas mixtures with a series of industry-relevant sample missions. The study of
gas mixtures added additional dimensionality to the optimization of thruster performance,
resulting in a prohibitively large search space for mapping using conventional approaches,
making it an ideal test case for these methods. Due to the added complications of mixed
propellant, the control system was improved to allow for startup on any arbitrary mixture
of gasses to ensure accurate mixtures. ACME demonstrated over 1500 successful automated
restarts during this campaign with over 1000 distinct propellant mixes, another significant

achievement outside the primary goal.

Bayesian optimization was demonstrated in real-time on an a sample asteroid-rendezvous
mission which converged rapidly on a global minima for mission cost. The surrogate model
generated with the optimization data was within 0.2% of the cost found on a larger sur-
rogate model showing excellent localized accuracy. The larger global optimization of both
performance and sample mission cost surrogate models accurately captured the operation of
ACME in five dimensions. The mission cost surrogate models demonstrated the capability
of finding optimal gas mixtures and operational parameters to minimize total mission cost
for a given cost model. The final demonstration of the system showed the capability to re-
late model variables with complex inter-dependencies by optimizing for the output variable
across the full range of the input parameters. This was done by investigating the effects of
the fluctuating propellant costs due to variable and limited supply of xenon and krypton
and of decreasing access-to-space costs. The observed trends were consistent with real world
changes to spacecraft propellants, particularly those in large constellations. The combina-
tion of surrogate models, Bayesian Optimization and automated test methods allows for
more efficient characterization of electric propulsion systems while improving the analysis of

complex inter-dependent variables.



138

Surrogate models can enhance how we research, develop, and use thruster systems.
Planned future work includes: the study of mode behavior; creating a digital twin to flight
thrusters; and optimizing design or characterizing specific thruster behavior using the slow
dimensions of ACME.

While the methods presented in this dissertation are diverse, they are aligned in their

goal to advance techniques in Hall thruster research and development.
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Appendix A
HALL THRUSTER DIAGRAMS

Hall Thruster (HT)

Assembled View

Watercooling Block
and Mount (W)

Hollow Cathode (C)

Figure A.1: The three sub-assemblies that make up ACME. Version 3 is shown.



Cl

c2

H-T

C3 C4 C5 C6

154

¥
/)

C8 C9 C10C11

Figure A.2: The parts of the hollow cathode and keeper assembly.

Part Number

Table A.1: Hollow cathode parts list.

Name

Material

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11

Swagelock Nut
Plasma Controls 1/8” Hollow Cathode
Rear Isolator
Cathode Electrical Connection
Bolt Isolators
Middle Isolator
Tube Isolator
Keeper Body
Keeper Electrode/Orifice
Retaining Ring

Forward Isolator

316 Stainless Steel
Tantalum, Tungsten, BaO
Alumina
316 Stainless Steel
Alumina
Alumina
Alumina
316 Stainless Steel
Graphite
Stainless Steel

Alumina



Inner Pole

E (el

.

Anode HT1

HT2

HT3

— Outer Pole HT4

HT5

HT6

= Inner Pole
—HT7

155

Outer Pole

HT12

— HT14

Figure A.3: Numbered parts of the ACME Hall thruster showing the separate inner and

outer poles.



Table A.2: ACME parts list.

Part Number Name Material
HT1 Inner Pole Cap Alumina
HT2 Inner Channel Wall Boron Nitride
HT3 Inner Hiperco Pole Hiperco 50A
HT4 Inner Hiperco Screen Hiperco 50A
HT5 Inner Hiperco Circuit Hiperco 50A
HT6 Inner Hiperco Base Hiperco 50A
HT7 Lower Stainless Structure 316 Stainless Steel
HTS Upper Stainless Structure 316 Stainless Steel
HT9 Outer Pole Cap Alumina
HT10 Outer Hiperco Pole Hiperco 50A
HT11 Outer Channel Wall Boron Nitride
HT12 Outer Hiperco Screen Hiperco 50A
HT13 Outer Hiperco Circuit Hiperco 50A
HT14 Outer Hiperco Base Hiperco 50A

Part Number

Table A.3: Cooling block parts list.

Name

Material

W1
W2
W3
W4
W5
W6
W7

Thruster Radiator / Plasma Shield 101 Copper

Keeper Heat-shield 101 Copper
Plug for Manufacturing Access Brass
Cooling Block 101 Copper
Cooling Loop Inlet Swagelock Brass
Cooling Loop Outlet Swagelock Brass

Thruster Mounting Plate

6061 Aluminium
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Figure A.4: Numbered parts of the cooling block showing the separate inner and outer poles.



