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It will not be we who reach Alpha Centauri and the other nearby stars. It will be a species
very like us, but with more of our strengths and fewer of our weaknesses, a species returned
to circumstances more like those for which it was originally evolved, more confident,
farseeing, capable, and prudent—the sorts of beings we would want to represent us in a
Universe that, for all we know, is filled with species much older, much more powerful, and
very different.

The vast distances that separate the stars are providential. Beings and worlds are
quarantined from one another. The quarantine is lifted only for those with sufficient
self-knowledge and judgment to have safely traveled from star to star.

—Carl Sagan, Pale Blue Dot

50 years of high-power electric propulsion at NASA Glenn Research Center: a 1.5-meter diameter mercury
ion thruster tested to 200 kW in 1967 (which has since been modified into a display unit) on the left and
the X3 NHT, which was tested to 102 kW in 2017, on the right. Image courtesy NASA.
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ABSTRACT

The next generation of electric propulsion consists of systems in excess of 300 kW of power.
These systems enable a wide variety of missions, including crewed missions to near-Earth
asteroids and Mars. Hall thrusters are a particularly attractive technology for these missions,
but development and demonstration of 100-kW class devices has been limited to date. Here,
a 100-kW class three-channel nested Hall thruster called the X3 was operated up to 102 kW
total discharge power. The three channels of the X3 can be operated in any combination,
providing seven unique configurations and a total throttling envelope of 2-200 kW. Previous
testing of the X3 was limited to 30 kW and showed that it was not providing state-of-the-art
performance.

Two low-power test campaigns were completed at the University of Michigan which iden-
tified potential mechanisms for this under-performance. Improvements to the thruster were
made before a high-power performance characterization at NASA Glenn Research Center.
There, the X3 was operated on xenon propellant from 5-102 kW total power. The thruster
demonstrated stable operation in all seven channel combinations at discharge voltages from
300 V to 500 V and three different current densities. All seven channel combinations demon-
strated similar performance at a given discharge voltage and current density. The largest
thrust recorded was 5.4 N, and total efficiency and specific impulse ranged from 0.54 to 0.67
and 1800 seconds to 2650 seconds, respectively. For all channel combinations, total efficiency
values greater than 0.63 were demonstrated.

In addition to the performance measurements, a suite of plasma diagnostics and a high-
speed camera were used to study the operation of the thruster in greater detail. The probe
results are compared against those in the literature and show that the X3, even in multi-
channel operation, is producing similar charge, mass, current, and voltage utilization ef-
ficiencies as the NASA-300M 20-kW Hall thruster, a state of the art high-power thruster
designed with similar design principles as the X3. High-speed camera analysis identified
that the X3 operated in a similar mode of discharge current oscillations at nearly all con-
ditions tested. This oscillatory behavior was characterized by the entire discharge channel
oscillating as a whole (a so-called breathing mode oscillation) in a random, non-sinusoidal
manner. Analysis indicated that when channels were operating together their oscillations
did not correlate with one another either in sync or with a phase delay. Oscillatory behavior
was also confirmed with high-speed discharge current analysis. Additionally, a preliminary
calculation of cross-channel ingestion and its effect on thruster efficiency was made.

This work represents the highest total power (102 kW), thrust (5.4 N), and discharge
current (247 A) demonstrated by a Hall thruster to date, improvements of 6%, 64%, and 119%
respectively over previous values. These results are discussed in the context of continued
high-power Hall thruster development and future mission applications.
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CHAPTER 1

Introduction

“You’d be amazed at how fast you can get going with a tiny acceleration over a long

time.”

— The Martian by Andy Weir [7]

1.1 Problem Statement

Electric propulsion systems at power levels in excess of 300 kW enable a wide variety of space
missions. These include missions to bodies with scientific and economic interest such as
near-Earth asteroids and Mars. Hall thrusters have demonstrated performance and lifetime
capability that is ideal for these types of missions [2,8]. However, to date the highest-power
Hall thruster to have flown is 5 kW [9]. Hall thrusters have been operated in excess of 50
kW previously [10], but the scaling techniques used in their development cause thrusters in
the 100-kW class and above to become challengingly large.

An alternative design known as nesting places multiple discharge channels concentrically
around a center-mounted cathode [1]. A three-channel, 100-kW class nested Hall thruster
known as the X3 was developed using this technique [4]. This thruster was designed for
operation up to 250 kW of discharge power at specific impulses ranging from 1800-3500
seconds on xenon propellant and up to 5000 seconds on krypton, all with state of the art

total efficiencies in excess of 60%. However, early testing of the thruster was limited to 30



kW at steady-state and demonstrated performance lower than expected.

1.2 Objectives and Contributions

The primary objective of this work was to characterize the performance of the X3 across
its throttling range. This consisted of two low-power tests at the University of Michigan,
a full thruster disassembly and inspection to implement improvements based on the results
of these tests, and then a full characterization up to 102 kW total power at NASA Glenn
Research Center. This characterization included performance and detailed plasma plume
measurements as well as a study of discharge current oscillations using a high-speed camera.

Contributions of this work include:

1. Expansion of a mass and cost model to capture the benefits of nested Hall thrusters.
These results demonstrate the need for high-power electric propulsion and that nested
Hall thrusters provide performance and efficiency well-matched to many missions. Ad-

ditionally, the system-level mass and cost savings of nested Hall thrusters are identified.

2. Development of a new inverted-pendulum thrust stand designed specifically for the
X3. This stand is capable of supporting thrusters in excess of 250 kg and measuring
thrusts in excess of 8 N with a measurement uncertainty of approximately 1%. The
stand features an optical displacement sensor for improved resolution. Versions of the

stand were built at both the University of Michigan and NASA Glenn Research Center.

3. Demonstration of new capabilities of Hall thrusters in three metrics: total power,
thrust, and discharge current. Previously, the NASA-457Mv1 demonstrated a maxi-
mum total power of 96 kW, 112 A discharge current, and 3.3 N thrust [11]. In this
work, we operated the X3 to 102 kW and 247 A discharge current and measured a
maximum thrust of 5.4 N. These new accomplishments demonstrate high-power Hall

thruster operation at specific impulses more relevant for crewed missions.



4. The first study of nested Hall thruster operation up to 100 kW discharge power. Lin-
gering questions about the viability of the technology, including whether the thruster
would have thermal issues or incur cathode coupling problems, as well as whether it
would produce comparable performance to the state of the art, have been answered by

this work.

5. The first plasma plume measurements of a three-channel nested Hall thruster and of a
Hall thruster operating in excess of 50 kW. Previous nested Hall thruster plume mea-
surements did not exceed 6 kW [1] and were for only two channels operating together.
These results include plasma measurements for up to three channels operating together
at power levels up to 80 kW. Furthermore, the Outer channel of the X3 is the largest
Hall thruster discharge channel to ever be built. The plasma plume measurements from
it represent validation of the scaling techniques used to develop the thruster. These
measurements provide insight not only into the operation of each channel of the X3

but also how the channels operate together.

6. The first detailed study of the oscillations in a 100-kW class Hall thruster via high-
speed camera analysis. The highest-power Hall thruster to date to be studied by
high-speed camera techniques was 20 kW [12]. This work provides measurements on
the Middle and Outer channels of the X3, which on their own represent much larger
discharges than those previously studied. Additionally, significant insight is provided
into how the oscillation character of the X3 varies for a given channel between single-
and multi-channel operation. These measurements provide valuable information for

future testing of the X3 and future development of high-power Hall thrusters.

7. The first calculations of the propellant ingestion occurring between channels of a three-
channel nested Hall thruster and the impact this ingestion has on thruster performance.
Though further work is needed, these results suggest that the ingestion of neutral

propellant between channels of nested Hall thrusters contributes 1-5% to the overall



thruster efficiency.

1.3 Organization

Chapter 2 provides background information on electric propulsion, as well as a description
and history of the Hall thruster. It also provides a description of the X3 thruster and
details of the early work performed on it. Chapter 3 motivates in great detail the need for
high-power electric propulsion, including a survey of potential missions and results from a
system mass and cost model that we expanded to include nested Hall thrusters. Chapter 4
describes the various experimental apparatus used in this work, which spanned three tests
at two state of the art testing facilities. Data analysis techniques for the plasma diagnostics
are also included.

Chapter 5 details the low-power test campaigns of this work, which gathered valuable
information in preparation for high-power testing. We performed a thorough thruster inspec-
tion and made a series of improvements to its design and construction before the high-power
test, details of which are provided in Chapter 6. The high-power thruster characterization
is split into two chapters. Chapter 7 reports the performance of the thruster, including
thrust, specific impulse, and efficiency values; it also compares operation in single-channel
and multi-channel configurations. Chapter 8 then reports results from the suite of plasma
diagnostics as well as the high-speed camera analysis. From the plasma diagnostics, a series
of phenomenological efficiencies are calculated for the X3 in different operating conditions.
Results from both techniques are compared to relevant results in the literature, including
a comparison of the efficiency results to the 20-kW class NASA-300M thruster. Chapter 9
summarizes the findings from these experiments and provides recommendations for future
work.

Appendix A reports a study that we performed of X3 operation at low total cathode flow

fraction, including thruster performance and plasma plume measurements. Appendices B



and C present the detailed telemetry and performance results for the low- and high-power

tests, respectively.



CHAPTER 2

Background

“For I have discovered that [the professional engineer in the rocket business] is fre-
quently abysmally ignorant of the history of his own profession, and, unless forcibly
restrained, is almost certain to do something which, as we learned fifteen years ago,

15 not only stupid but likely to result in catastrophe.”

— John D. Clark [13]

2.1 Introduction

This chapter provides background information on electric propulsion, as well as details of Hall
thrusters and their performance metrics. Section 2.2 describes electric propulsion, including
details of its origin, governing principles, and various categories of devices. We then focus
on Hall thrusters in Section 2.3, where we provide basic details of those devices as well as
a brief history and description of techniques used to scale them to high power. Section
2.4 offers a history and description of the particular high-power Hall thruster used in this
investigation, the X3. We then detail the performance metrics typically used to evaluate
Hall thrusters (which we use in this work to evaluate the X3) in Section 2.5. There, we
also describe the modifications to a typical Hall thruster efficiency analysis necessary to
accommodate the diagnostic setup used on the X3, as well as develop a method for accounting

for propellant ingestion between the multiple channels of a nested Hall thruster. Finally,



Section 2.6 describes the expected performance of the X3 thruster based on theory and
historical values, as well as details of the initial testing of the X3 undertaken prior to this

work.

2.2 Electric Propulsion

2.2.1 Province

The basic mathematics of space travel concisely motivates the need for propulsion systems
with exhaust velocities greater than what is attainable with traditional chemical means.
The fraction of a spacecraft’s mass that is not used for propulsion (the dry mass, my) can

be related to the exhaust velocity of the propulsion system by the following expression:

i exp(—AV) (2.1)

my e

This expression, called the Rocket Equation, was first developed by Russian rocket pioneer
Konstantin Tsiolkovsky in 1895 [14]. Typically the fraction my/my is referred to as the
payload fraction, which defines the fraction of the craft’s mass at launch that is delivered to
the final destination. This includes useful payload (such as orbiters, landers, rovers, supplies,
and human crew) as well as non-expendable infrastructure such as the spacecraft chassis,
propellant tanks, and the propulsion system itself. A driving goal of space mission design
is maximizing payload fraction [15] (and thus minimizing propellant mass fraction, which is
one minus the payload fraction), and the Rocket Equation explains how to go about this.
It is clear that to maximize payload fraction, the fraction AV /u, within the exponential of
Equation 2.1 must go to zero. The term AV is the change in velocity required to enact
a given maneuver (e.g., to change orbits or transit from Earth to Mars) and thus defines
the mission [15,16] (and is fixed). Values for AV are typically 1-10 km/s for interplanetary

travel. The exhaust velocity of the propulsion system, u,, is thus the free variable available to



the propulsion engineer, and it is clear from Equation 2.1 that maximizing exhaust velocity
is required to maximize payload fraction.

Propulsion systems are often compared using a parameter called the specific impulse:

I,=—= (2.2)

which describes how effectively propellant is converted into thrust. By dividing by the
gravitational acceleration constant g, specific impulse is expressed in units of seconds and
conveniently provides no conflict between the imperial and metric unit systems. Additionally,
if the metric system is used, u, is conveniently approximately ten times larger than I,.
The value of u, that a particular propulsion system can obtain is related to the mechanism
by which the propellant acceleration occurs. Traditional chemical rockets, which release
energy stored in the bonds of their propellant through chemical reaction and then accelerate
these products through a converging-diverging nozzle, are limited to specific impulses of a
few hundred seconds, regardless of the propellants used or the particular nozzle design [17].
For many missions, such as those with large AV values, chemical propulsion methods are
ill-suited. Their low specific impulses require large fractions of a spacecraft’s mass to be
devoted to propellant. Yet the physics of chemical propulsion simply preclude substantial
increases in specific impulse: an alternative thrust generation mechanism is needed.
Electric propulsion (EP), which has been speculated about since 1906 [14, 18], given
treatment in texts since 1929 [19], and flown in space in various forms since the Space
Electric Rocket Test 1 spacecraft fired one of its ion thrusters for 31 minutes in 1964 [20],
provides an alternative means of thrust generation. The classic text on EP, The Physics of

FElectric Propulsion by Professor Robert Jahn [20], defines EP as:

The acceleration of gases for propulsion by electrical heating and/or

by electric and magnetic body forces.

In other words, in electric thrusters the thrust-generation mechanism is decoupled from the
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Figure 2.1: A plot of the thrust-versus-specific impulse trade space inhabited by various
types of propulsion. Figure is reproduced from Reference [1].

energy in the chemical bonds of the propellant. This frees EP from the exhaust velocity
limitations of chemical propulsion. It also typically frees EP systems from relying on the
complex, hazardous, highly reactive, and difficult to store propellants often used in the
chemical propulsion industry [13,17,20].

The large number of different types of electric thrusters are detailed below. In all cases
they provide significant increases in thrust efficiency over chemical means. Specific impulses
range from comparable to chemical thrusters (resistojets) to upwards of 8000 seconds (ion
thrusters). Figure 2.1, which is reproduced from Reference [1], presents a large sample of
measured performance data from various electric thrusters and chemical rocket engines. The
figure shows that chemical engines can produce a wide range of thrusts but in all cases
are limited to less than 500 seconds specific impulse. Resistojets are shown to provide
essentially the same values of specific impulse as chemical engines with much smaller thrust

values; arcjets produce specific impulses greater than chemical means with roughly the same



thrust values as resisotjets. Farther to the right along the abscissa are Hall thrusters and
then ion thrusters, which in general provide much higher specific impulse values but with
much lower thrusts than those provided by chemical propulsion. The significant ongoing
development efforts to increase both specific impulse and thrust values for both technologies
are displayed. Due to the lengthy and involved process of flight qualification [9,21], flight
thrusters typically lag behind experimental devices.

As the figure shows, EP is typically characterized by low thrust values, ranging from a
few uN to 150 N for high-power arcjets [20]. These low total thrusts, as well as physical
issues with operating outside of a vacuum environment, relegate EP to use in space, free
from most gravity effects. Electric propulsion will never replace large chemical engines for
space-launch applications. However, electric thrusters are typically designed to operate for
burns orders of magnitude longer than chemical rockets. Whereas typical chemical rockets
operate for minutes to hours, electric thrusters can operate anywhere from hours to years [17].
For instance, ion thrusters have demonstrated operational lifetimes of over 45,000 hours in-
space [22] and over 50,000 hours in ground testing [23]. Electric thrusters have the capability
to impart the same total energy onto a spacecraft as chemical thrusters. This is done over
much longer firing times, but with substantially less propellant mass.

There are a number of other benefits of using EP systems for certain mission profiles. It

can be said that there are four goals for human mission design [24]:

1. Short transfer time
2. Moderate mass
3. Short mission duration

4. High flexibility

However, using chemical propulsion or even nuclear thermal propulsion [25] only pro-

vides for two of these goals: maintaining moderate mass, which can be accomplished for
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these systems by using ballistic trajectories and specially-designed orbital maneuvers such
as Hohmann transfer orbits [16,26], and minimizing transfer time.

Launch opportunities for these special trajectories are both short and relatively rare in
occurrence. For instance, Mars and Earth only pass through a given alignment every 2.13
years [16]. This makes chemically-propelled missions very inflexible with respect to launch
windows, and also makes the prospect of sending a rescue mission or providing an effective
abort scenario challenging. Another complication for an abort is that chemical propulsion
operates impulsively due to its short firing time: it imparts the necessary energy over a
very short period of time and quickly expels all propellant. “Turning around” is all but
impossible. One only has to recall the Apollo 13 mission [27] to recognize the need for abort
options for human missions. The long firing times of EP, as well as their demonstrated ease
at many start/stop cycles [22, 28], means that electric thrusters are much more well-suited
for abort scenarios. The long-duration firing also lends itself to being much more forgiving
for launch windows; a study by Williams showed that above a certain mission length, the
departure window was of essentially no matter [29]. (This is true for deep-space missions—
those going to the outer planets or beyond—regardless of the propulsion mechanism because
of the long trip times).

There are a number of other benefits to using EP, as captured by NASA’s Human Ex-
ploration Framework Team [30] and re-stated well by Brophy [5]. EP systems allow for
significant power to be available to the spacecraft during non-thrust periods. Due to the
long lifetimes of many EP technologies, there is the possibility of a spacecraft with EP to
be usable across multiple missions (for instance, a cargo tug that transits back and forth
between Mars multiple times [31]). Finally, the report noted that EP systems provide more
“graceful” system failure modes than chemical propulsion systems. That is, instead of ex-
ploding or leaking dangerous, reactive, toxic chemicals in the event of a failure, typical EP

failure mechanisms simply cause the propulsion system to shut off.
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2.2.2 Types

Electric propulsion is typically divided into three categories depending on the particular

thrust generation mechanism [2,20]:

1. Electrothermal propulsion, in which propellant is electrically heated and then accel-
erated through a traditional converging-diverging nozzle. Examples of electrothermal
propulsion include resistojets and arcjets. Because the acceleration mechanism still re-
lies on traditional nozzles, these types of propulsion typically provide modest increases
in specific impulse over chemical means. Resistojets provide specific impulses in the
250-350 second range. Arcjets have demonstrated values as high as 1500 seconds,
though they are typically limited to closer to 700 seconds with non-exotic propellants.
However, their efficiencies, in the 30-50% range, are significantly improved over chem-

ical rockets [2].

2. Electrostatic propulsion, in which propellant is ionized and accelerated by the direct
application of electric body forces. Examples of electrostatic propulsion include ion
thrusters and Hall thrusters (though it should be noted that some authors such as
Jahn categorize Hall thrusters as electromagnetic [20]). Performance of electrostatic
propulsion devices can be very high, with specific impulses upwards of 8000 seconds

and efficiencies above 70% for ion thrusters.

3. Electromagnetic propulsion, in which propellant is ionized and accelerated by inter-
actions between currents driven through the propellant and either internally-generated
or externally-imposed magnetic fields. Electromagnetic propulsion devices can be oper-
ated steady-state or in pulsed modes. Examples of electromagnetic propulsion include
magnetoplasmadyanmic (MPD) thrusters, pulsed inductive thrusters (PITs), pulsed
plasma thrusters (PPTs), ambipolar thrusters; and helicon thrusters. Electromag-
netic propulsion devices can provide higher thrust densities than electrostatic devices,

and they are not space-charge limited like ion thrusters. Though many technologies

12



are still in the early development phase, efficiencies vary from approximately 10% for
solid-propellant pulsed plasma thrusters to as much as 50% for magnetoplasmady-
namic thrusters. Specific impulses also cover a range from 600-2000 seconds for PPT's

to values as high as 5000 seconds for MPDs.

2.3 Hall Thrusters

The Hall-effect thruster or Hall thruster appeared in the United States scientific literature
in 1962 [32-34] in an early form called the Hall Current Accelerator. The concept first
appeared in Russian literature in 1968 [35] and was further developed and first flown by
Russian scientists during the 1960s and 1970s. The devices use crossed electric and magnetic
fields to confine electrons while ejecting ions to produce thrust. Hall thruster operation is
described below, followed by a short history of the device and a description of the scaling

laws used to increase thruster power level.

2.3.1 Basics of Operation

There are two major variants of Hall thrusters: the “stationary plasma thruster” or SPT
(sometimes referred to as a magnetic layer thruster), and the “thruster with anode layer” or
TAL. The naming derives from translations of Russian work [36]. The fact that an SPT is
steady-state and not pulsed seems to be where the “stationary” comes from; the compressed
nature of the acceleration region of the TAL, very close to the anode, is the “anode layer”.
This work concerns magnetic-layer or SPT-style thrusters only, so for simplicity all references
to “Hall thrusters” herein will be to this type of device unless clearly stated as otherwise.
A typical state-of-the-art Hall thruster features an annular discharge channel lined with
dielectric material such as boron nitride, a combination anode/propellant distributor in
the upstream end of the discharge channel, and a cathode mounted either in the center of

the thruster (“centrally-mounted”) or on the outer diameter of the thruster (“externally-
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Discharge
Channel

Figure 2.2: A schematic of a typical state of the art single-channel Hall thruster. Figure is
reproduced from Reference [1].

mounted”) that provides electrons. A schematic of a typical state of the art single-channel
Hall thruster reproduced from Reference [1] is presented in Figure 2.2. The anode is biased
to a voltage between 150 V and 800 V to provide the device’s axial electric field. The
magnetic field is produced by electromagnets, each of which can consist of one or multiple
coils of wire depending on the device. This magnetic field is designed to be mostly radial. A
Hall thruster’s magnetic field is typically in the low-hundreds of Gauss, designed to confine
electrons while allowing ions to be freely accelerated. Thrusters are typically optimized for
a nominal throttling point but can operate across a range of conditions, characterized by
changes in propellant flow rate, anode voltage, and magnetic field. Typically, the magnetic
field shape is held constant in a plasma-lens topology [3,37,38] and only the field strength
is changed between conditions.

Of course, many variations of Hall thrusters exist. Typically, lower-power thrusters,

14



including models that are currently flight-qualified such as the BPT-4000/XR-5 [21, 39],
feature externally-mounted cathodes, and it is only larger thrusters (typically > 5 kW or
so) that feature centrally-mounted cathodes due to physical limitations. One active area
of current research involves the application of a technique called “magnetic shielding” to
Hall thrusters to extend their operational lifetimes [40,41]. This technique exploits the equi-
potentialization along magnetic field lines inside Hall thrusters to maintain low ion velocities
near the walls, significantly reducing channel wall erosion rates. This erosion has traditionally
been the leading life-limiting mechanism of Hall thrusters. Other variations exist, such as
conducting walls in magnetically-shielded thrusters [42] and permanent magnets in place of
electromagnets [43].

The following is a simplified overview of Hall thruster operation. More detail can be
found in Reference [2]. Seed electrons are emitted thermionically by the cathode, which is
heated and ignited before the thruster discharge is started. A portion of these electrons make
their way to the discharge channel where they are trapped in an azimuthal ExB drift [44,45]
by the axial electric field imposed by the anode and the radial magnetic field imposed by the
magnetic circuit of the thruster. Neutral propellant is introduced through the biased anode
into the rear of the discharge channel. Through electron impact ionization [46], the neutral
propellant is ionized.

The newly-liberated electrons are trapped in the discharge channel in the same ExB drift
as the electrons from the cathode. The electrons create a region called the Hall-effect region
in which the elevated local electron concentration creates a strong electric field potential. The
newly created propellant ions experience the effect of this region and are accelerated. Because
they are too massive to be trapped by the E x B drift that has confined the electrons, the
ions are ejected from the device, creating thrust. Propellant is continuously introduced, and
the electrons continuously ionize it; electrons from the cathode contribute to the ionization
and to downstream neutralization of the ejected beam.

Although Hall thrusters are operated in a steady manner, high-speed interrogation of
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these devices reveals a variety of instabilities and oscillations in the discharge, ranging from
the low 10s of kHz to the MHz range [47]. These oscillations are an active area of research, and
our understanding of their causes and effects is still evolving. Work has shown a correlation
between thruster performance and oscillation strength [48], and others have suggested these
oscillations may play a role in thruster processes such as anomalous transport [49,50] and
cathode erosion [51].

The dominant discharge current oscillation in Hall thrusters is typically in the low 10s of
kHz and referred to as the breathing mode. In this mode, the thruster discharge oscillates in
unison in a fashion that has been likened to a predator-prey effect and has been modeled in a
number of studies [52-59]. In this framework, the breathing mode is treated as an ionization
wave that oscillates axially within the discharge channel (the name thus deriving from the
metaphor that the thruster is “inhaling” neutrals and “exhaling” plasma [60]). Fife’s two-
dimensional modeling, which was able to reasonably reproduce the breathing mode frequency

of an SPT-100, derived an expression for the breathing mode frequency:

I (2.3)

where f}, is the frequency of the breathing mode, u; is the speed of the ions as they leave
the thruster, u, is the speed of the neutrals entering the ionization zone from the anode,
and L; is the characteristic length of the oscillation, typically taken as the length of the
ionization zone. The breathing mode appears in high-speed discharge current traces and can
be detected using a high-speed camera [61].

Similarly, another mode that is sometimes detected in Hall thruster discharges is the
spoke mode or the local mode. Here, instead of a single axial ionization wave acting on
the entire discharge at once, azimuthal ionization waves propagate around the discharge
in the E x B direction of the thruster. These bright and dark regions of plasma, when
captured on high-speed video, look like the spokes of a wheel. This type of oscillation was

originally measured by Janes and Lowder [62] in 1966, but to date no coherent theory has yet
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been developed to fully explain their origin and mechanism for propagation [60]. Work has
shown that Hall thrusters can transition between breathing and spoke modes with changes
in magnetic field strength [48,60]. These oscillations have been measured with near-field
ion saturation probes and captured using a high-speed camera in a similar fashion to the
breathing mode [60,61]. Anywhere from a single spoke to six simultaneous spokes have been
detected in Hall thrusters depending on operating condition. Though the work presented
here involves a thruster without magnetic shielding, it is interesting to note that the spoke
mode has to date only been detected in magnetically shielded thrusters at very high magnetic
field conditions [63].

The four main controls available to the Hall thruster operator are discharge voltage,
discharge current, magnetic field strength, and cathode flow rate. Typically, Hall thrusters
are operated in a constant-voltage mode, where the discharge voltage is held steady by the
power supply (or power processing unit in a flight-like system) and the discharge current is in
turn dictated by the propellant mass flow rate. In laboratory operation, the propellant mass
flow rate is typically controlled to a constant value, whereas for most flight units the mass
flow is actually controlled to the discharge current. That is, the control unit will throttle
the propellant flow rate to maintain a constant discharge current. Magnetic field strength
and topology are set by the current to the electromagnets of the thruster. Cathode flow
rate is typically set to be somewhere between 3-10% of the anode flow rate and is adjusted
to minimize cathode coupling voltage and maximize thruster voltage utilization efficiency.
More details on cathode flow fraction, especially as it relates to the X3 thruster, are provided

below.

2.3.2 History

The essential makeup of Hall thrusters has not changed in the 45 years since they first
flew on the Russian Meteor-18 spacecraft. That mission launched in late 1971, and the

on-board Hall thrusters successfully fired in early 1972 [8]. Improvements have been made
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to their construction and their operation, but the linage is clear. The generic Hall thruster
description provided above could as easily describe the Russian SPT-100 [64,65] from the
1970s as it could a recently-designed thruster such as NASA’s HERMeS thruster [66,67].

As mentioned in the introduction to this section, the initial concept of the Hall thruster
first appeared in the U.S. literature [32-34], yet in the years between those initial tests and
the end of the Cold War, only a small amount of development work occurred in the United
States [68], where most of the attention was on the higher-specific impulse ion thruster. A
majority of further Hall thruster development occurred in the Soviet Union [8].

When the Cold War ended and the Soviet Union collapsed, the improved Hall thruster
came back to the United States. The Russian scientific literature spoke of a device that
ran at 50% efficiency and 1500 seconds specific impulse, which put the device in an optimal
operating regime for satellite station-keeping (maintaining the orbit and trajectory of Earth-
orbiting satellites) in which ion thrusters did not efficiently function. This claim was first
verified by a team of American scientists that traveled to Russia to test the device at the
two Russian test facilities, NIITP and Fakel [69]. When their results validated the Russian
performance claims, thrusters were brought to the United States for further testing at both
NASA Glenn Research Center (GRC) (at the time, NASA Lewis Research Center) [64] and at
the Jet Propulsion Laboratory (JPL) [65]. American interest in Hall thrusters grew through
the early 1990s, and by the mid 2000s NASA and other institutions had developed their
own single-channel Hall thrusters capable of 5 kW and above [70-72]. These devices were
all quite similar to the SPT-100 but larger in size.

Hall thrusters began as devices for satellite station keeping, and before the SPT-100
even came to the United States the Soviets had flown more than fifty of the smaller SPT-70
thrusters [69]. However, as development continued, NASA and others began to see EP, and
specifically Hall thrusters, as a viable option for efficient in-space propulsion at power levels
well in excess of the 1-2 kW of a typical station-keeping thruster. With this in mind, GRC

undertook an effort to develop high-power Hall thrusters starting in 1999. This culminated in
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a series of 20-50 kW class Hall thrusters that demonstrated for the first time the performance
capability of this technology at these power levels. The 50-kW class NASA-457Mv1 thruster,
the highest-power thruster produced from this effort, was operated on xenon and krypton
propellants through a range of operating conditions, demonstrating on xenon propellant a
maximum total power of 97 kW, maximum discharge current of 112 A, maximum total
efficiency of 0.58, and specific impulses from 1550-3560 seconds [10,11,73]. This thruster
demonstrated scaling techniques and physical insight for creating high-power Hall thrusters.
Leveraging insight from this work, NASA developed a higher-fidelity version of the thruster
named the NASA-457Mv2 which demonstrated improved performance over the v1 thruster
[74], though it was not tested beyond 50 kW discharge power. Additionally, the NASA-
300M 20-kW thruster and NASA-400M 50-kW thruster were developed using similar scaling
techniques, applying design lessons learned to continually improve performance [75,76]. This
culminated in a demonstrated peak total efficiency of 0.67 at 500 V, 20 kW with the NASA-
300M on xenon propellant, and a peak anode specific impulse of 4940 seconds with the NASA-
400M on krypton propellant. A 150-kW single-channel Hall thruster was even designed using
these techniques but never built [77]. This thruster, designated the NASA-1000M, would

have been 1 meter in diameter, the largest Hall thruster ever built.

2.3.3 Scaling

NASA’s development of the NASA-457Mv1, detailed by Manzella [11], derived a number of
key scaling relationships that have been used in many thruster designs. Discharge voltages
are held within the established range of approximately 150 V to 800 V, although thrusters
have been fired in excess of 1000 V [78,79]. Discharge current density, which is defined as
the total discharge current divided by the annular exit area of the discharge channel, is held
at established values. These values are export-controlled and will not be explicitly stated
here.

As explained by Manzella, the proper discharge current density—fundamentally, propel-
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lant density—balances counteractive effects from collisions: increasing propellant density
increases the electron-neutral collision rate, thus increasing the ionization rate. Yet it si-
multaneously decreases electron temperature through elastic and inelastic collisions, and the
lower electron temperature decreases the energy electrons have to ionize, which decreases
the ionization rate. These fundamental plasma processes are independent of thruster size,
and as such, effective values of propellant density hold regardless of thruster size or power
level. This has required thruster size to increase as power levels increase: more channel area
at the same current density will carry more total current.

Channel length also remains constant, regardless of thruster size, as does magnetic field
strength and topology. Channel diameter and width are tuned in these larger thrusters to
properly carry the target discharge current while maintaining magnetic field properties. This
type of scaling worked well in going from the 10-cm diameter, 1.35-kW SPT-100 thruster
to 5-6 kW thrusters with diameters of roughly 15-20 cm such as the NASA-173M [71] and
the H6 [72,80], and even up to the aforementioned 50-kW NASA-457Mv1. Although the
GRC scaling effort demonstrated a road map toward 150-kW Hall thruster systems, one
of the major challenges identified in this program (and exemplified by the NASA-1000M
thruster design) was the excessively large footprint of higher-power thrusters. This is due to
the fact that thruster diameter increases with power using these scaling techniques. Scaling
a single-channel Hall thruster to the 100-300 kW targeted by NASA for its near-future
manned and deep-space mission goals [30,81] would require thruster diameters on the order
of 3 meters [82], which becomes problematic from both a manufacturing perspective and a
spacecraft-integration perspective. There are also questions regarding whether the discharge
plasma would couple properly with the cathode on a thruster that size.

One technique to avoid this issue and scale Hall thrusters beyond 50-kW class devices
while limiting diameter increase is to concentrically nest multiple discharge channels around
a shared centrally-mounted cathode. This technique allows for improved packing density

of the channels as compared to multiple single-channel thrusters [83,84]. Nesting the dis-
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charge channels of Hall thrusters was first explored in the open literature by Liang with
the X2 thruster. Busek Co., Inc., has developed a similar nested Hall thruster (NHT),
though nothing about the device other than a small mention and a photograph has been
published in the open literature [85]. There is a patent by United Technologies for a NHT
concept [86], and the Russian literature briefly mentions 3-channel NHT that operated each
channel on a separate phase of 3-phase AC power [87]. Beyond these brief references, no
rigorous thruster development work was documented openly before the X2. The X2 was a
6-kW thruster featuring two concentric discharge channels. Liang’s research showed that
the thruster performed comparably to single-channel thrusters of its class [88,89], with some
interesting phenomena observed in both the ion current density profiles and in the recorded
thrust while operating the two channels simultaneously [1]. A photo of the X2 is shown in
Figure 2.3.

The success of the X2 proved a number of different concepts: that a multi-channel nested
Hall thruster could be built; that the channels could be operated simultaneously; that the
thruster would operate comparably to single-channel thrusters of its power class, both in
single- and dual-channel mode; that the device could be run off of a single, centrally-mounted
cathode; that a nested magnetic lens topology could be created; and that the magnetic circuit

could share components between adjacent channels.

2.4 The X3

Building on the major contributions of the X2, the Plasmadynamics and Electric Propulsion
Laboratory (PEPL) at the University of Michigan, in collaboration with the Air Force Office
of Scientific Research, the Air Force Research Laboratory Rocket Lab, the Michigan/Air
Force Center for Excellence in Electric Propulsion, NASA GRC, and JPL, developed a
three-channel, 100-kW class NHT named the X3. Detailed in work by Florenz [4], the X3

demonstrated that the NHT concept could be used to substantially increase the discharge
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(a) Mounted in the Large Vacuum Test Facility at (b) Firing in dual-channel mode.
the University of Michigan.

Figure 2.3: The X2, a 2-channel, 6-kW NHT that served as a proof-of-concept thruster for
the nested configuration: (a) mounted in the Large Vacuum Test Facility at the University
of Michigan and (b) firing in dual-channel mode.
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power of laboratory Hall thrusters while maintaining a compact device footprint. The X3
is designed to be capable of operation up to 250 kW discharge power (at 1000 V discharge
voltage), yet is only approximately 80 cm in diameter, a significant improvement over the

100 kW, 100 cm diameter NASA-1000M.

2.4.1 Description

The X3 was a laboratory NHT developed from 2010-2013 and first fired in September 2013.
As noted above, it is approximately 80 cm in diameter, and weighs approximately 230 kg.
The thruster can operate in seven different configurations: each channel alone, all three
together, and any combination of two. The channels are referred to as “Inner” or “I”,
“Middle” or “M”, and “Outer” or “O”, where the Inner channel is the smallest diameter
and the Outer channel is the largest. Combinations of channels are then referred to by
their channel combinations, e.g., “IM” indicating the Inner and Middle channels operating

together. The thruster is shown in Figure 2.4.

2.4.2 History: Design and Previous Work

The constraints that were chosen during the conceptual phase of the X3 design were in part:

e Maximum discharge power of 200 kW. This was based on estimates that suggested
that this power level was an upper-bound for the capabilities of existing ground-test
facilities [90]. As will be explored below, by clustering multiple thrusters together,
a 200-kW thruster enables a wide variety of potential missions for total propulsion

system powers in excess of 1 MW.

e Operation from 300 V to 800 V discharge voltage, with a stretch goal of 1000 V based
on previous work with the NASA-457Mv1 [73] and the NASA-400M [76]. As noted,

1000 V operation would push the upper power limit of the X3 to 250 kW.
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(a) Mounted in the vacuum chamber.

(b) Firing at 30 kW in the IMO configuration.

Figure 2.4: The X3, a 100-kW class, three-channel nested Hall thruster: (a) mounted in the
vacuum chamber and (b) firing at 30 kW in the IMO configuration.
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e Capability of operation on both krypton and xenon propellant. As will be discussed
below, krypton provides higher specific impulses at similar discharge voltages as com-
pared to xenon due to its smaller mass, which expands the possible operating envelope

of the thruster.
e Operation spanning discharge current densities tested with the H6 [91].

e Three concentric channels, capable of operating alone or simultaneously in any combi-

nation.
e Nested magnetic lens topology and shared pole pieces between adjacent channels.
e Operation with a single centrally-mounted cathode.

Based on these criteria, a lengthy design process was undertaken, as summarized in
References [4] and [92] and detailed more thoroughly in Reference [91]. The initial step of
the X3’s design was to use the scaling laws developed by Manzella [11] described above to
determine the basic dimensions of the thruster. The channels feature very similar cross-
sections: each channel is the same length (from anode exit plane to channel exit plane), and
the channels are similar in width. Using the selected range of current densities, the exit
areas of the three channels were selected.

With the basic geometry of the thruster set, the details of the propellant distribution
scheme and magnetic field topology could be designed. Simulations of many design iterations
were performed of both the propellant distributors and the magnetic circuit. Three propel-
lant distribution schemes were explored thoroughly: a porous design, which used porous
media and a baffle chamber; a drop-in design, which used small holes and a series of baffles
and manifolds in a separate unit that was inserted into the channel cup; and an integrated
design, which featured flow inlets integrated into the channel cup. Schematics of these design
concepts can be found in References [4] and [92]. Ultimately, a drop-in design was selected,

which had the most heritage to other thruster designs. The anodes of all three channels
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feature similar cross-sections and were designed to provide uniform flow across the projected
range of propellant flow rates.

The X3 features an inside and an outside electromagnet for each discharge channel,
resulting in a total of six, typically referred to as “Magnets 1-6” or “M1-6", where M1 and
M2 are the inside and outside magnets for the Inner channel, M3 and M4 for the Middle
channel, and M5 and M6 for the Outer channel. Each consists of a coil of wire around a
single bobbin to minimize footprint. The X3 does not feature any trim coils like those used
in thrusters such as the NASA-173M [79] and the X2 [89]. The shared magnetic circuit
causes the radial magnetic field direction to be the same for the Inner and Outer channels
but to switch for the Middle. The topography of the magnetic field of the X3 is a plasma
lens, as was discussed above and described in detail in References [37], [38], and [79]. The
X3 is an “un-shielded” thruster, meaning that the magnetic field lines intersect the channel
walls and cause erosion of the boron nitride.

Thermal modeling during the design phase of the thruster suggested that the thruster’s
ability to radiate heat was critical to maintaining reasonable temperatures at high discharge
powers. To facilitate this, the outer surface of the X3 is coated in an alumina spray coating
to increase its emissivity. The alumina spray coating provides a higher emissivity by nearly
a factor of two over the bare magnetic iron. Thermal data from initial firings of the X3
suggested that the thruster was operating cooler than the model suggested [4], and work is
ongoing to improve the fidelity of this modeling effort based on collected thruster data [93].

A series of photographs from the first experimental campaign of the X3 are presented
in Figure 2.5. The top-left photograph shows the X3 installed in the Large Vacuum Test
Facility at the University of Michigan prior to first light. Prior to the work described in this
document, the thruster was fired in all seven of its configurations through a brief burn-in on
krypton propellant, followed by a limited performance characterization on xenon propellant.
A photograph from the first light of the X3, which was of the Inner channel on krypton

propellant in September 2013, is presented in the top-right of the figure. During that initial
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(a) Prior to first light (b) First light (Inner channel), krypton

(c¢) IMO operation, xenon. The right hand side
of the thruster is blocked by the facility beam
dump.

Figure 2.5: Photographs from the first test campaign of the X3 in late 2013: (a) prior to
first light, (b) during first light of the thruster, which was of the Inner channel on krypton
propellant, and (c¢) during IMO operation on xenon propellant. In (c) the right hand side of
the thruster is blocked by the facility beam dump.

27



firing, steady operation of the Inner channel was demonstrated at 300 V, 4.2 kW for 2 hours.

During the krypton burn-in process, the thruster went through initial outgassing and
thermal cycling, and wear bands [79] were established on the boron nitride discharge channel
rings. The original throttling table for the test called for operation of each channel individ-
ually at 300 V, 550 V, and 800 V for durations of approximately four hours at each voltage,
but intermittent facility issues plagued operation at higher voltages and testing proceeded to
the xenon-propellant portion of the test having only achieved a de-scoped test matrix. More
details of this test, including thruster telemetry and high-speed discharge current traces, can
be found in Reference [4]. Following the krypton burn-in, a preliminary xenon performance
characterization was undertaken. The test used a modified inverted-pendulum thrust stand
to measure the thrust of the X3 across all seven configurations at 300 V and a low current
density. A photograph from this test of the X3 firing on xenon in the IMO configuration is
presented in the bottom of Figure 2.5. A summary of the results of this test are presented

below.

2.4.3 NextSTEP

NASA considers NHTs a promising technology and is funding continued development
through the Next Space Technologies for Exploration Partnerships (NextSTEP) program,
which is investing in the technologies that will be necessary for future crewed missions to
Mars [81]. In total, three electric propulsion concepts are being funded by NextSTEP:
the Variable Specific Impulse Magnetoplasma Rocket (VASIMR) [94, 95]; the electrodeless
Lorentz-force thruster [96]; and the XR-100 nested Hall thruster system. The overall goal
of the these projects is to demonstrate 100 continuous hours of 100-kW operation of the
system operating at a total system efficiency in excess of 60%. The XR-100 system is being
developed by a team led by Aerojet Rocketdyne (AR) and including UM, GRC, and JPL.
The system consists of the X3 NHT, a JPL-developed high-current hollow cathode [97], and

a power processing unit and xenon flow controller being developed by AR. Additional con-
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tributions include plasma and thermal modeling by JPL and facility and test infrastructure

by NASA GRC. A system-level overview of the project can be found in Reference [98].

2.5 Performance Metrics

The performance of propulsion devices is evaluated using a number of metrics. We will apply
and reference these metrics, which apply generally to other devices but here are presented
in the context of Hall thrusters, throughout this work. They characterize how efficiently
and to what speed a device accelerates propellant particles. Arguably the most important
parameter for any propulsion system is the thrust it produces. Thrust is defined as the

reaction force that a propulsion device creates. We express this mathematically as:

T = riwu,. (2.4)

The mass flow rate m is a readily-known parameter in Hall thruster testing, as it is a
prescribed parameter set by highly-accurate, calibrated mass flow controllers. The exhaust
velocity u, is much more difficult to measure for Hall thrusters. However, because thrust is
a reaction force, it is directly measurable in the laboratory. Measurement of the low thrust
that characterizes most electric propulsion devices is more complex and delicate than the
simple load-cell methods used for high-thrust chemical systems [99], but it is nevertheless a
mature and widely-adopted diagnostic technique.

As mentioned above and introduced in Equation 2.2, specific impulse is another important
metric in propulsion. It indicates how effectively propellant is being converted into thrust.
Without the ability to easily characterize the exhaust velocity of a Hall thruster, an alternate
method to calculate specific impulse in the laboratory is required. Rearranging Equation
2.4 to solve for u, and substituting that into Equation 2.2, we find a definition of specific

impulse that uses quantities that are measurable in the laboratory:
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Iy =—. (2.5)

Another important performance metric for Hall thrusters is the efficiency. First, we define

jet power, which is the time rate of expenditure of the kinetic energy of the beam, as:

1
Pj = 5muﬁ. (2.6)

The total efficiency of the thruster is then defined as the ratio of jet power (that is, effective

thrusting power) to input power (for electric propulsion devices, the electrical power):

jet power

= ) 2.7
electrical power (2.7)
We can then express this using existing definitions as:
%n’mﬁ 98
= Pelec . ( . )

Using the definition of u, extracted from Equation 2.4, we re-write total efficiency in terms

of measurable quantities as:
T2
- 2P elec

n (2.9)

Thus, the thrust, specific impulse, and efficiency of a thruster can be known using parameters

measurable in the laboratory.

2.5.1 Anode Quantities

To calculate the total efficiency and specific impulse of a device, the total electrical power
and mass flow rate are used in the calculation of Equations 2.5 and 2.9. For a Hall thruster,
the total power includes the power dissipated by the electromagnets (typically a few percent

of the discharge power or less) and by the cathode keeper if it is not floating (typically a
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small fraction of discharge power), and the total mass flow rate includes the cathode flow
(typically somewhere between 5% and 10% of the discharge flow rate [100], though some
thrusters require significantly higher values [76]). In laboratory thrusters, often little effort
is made to minimize these values. To isolate the discharge behavior from the unoptimized
cathode and magnet contributions, across the Hall thruster performance literature so-called
anode, discharge, or thrust versions (all are names for the same quantities) of specific impulse
and efficiency are often used.

Anode specific impulse is calculated as:

T
Isp,a = , (210)
n,g
and anode efficiency as:
T2
e = = 2.11
T = Py (2.11)

where anode mass flow 1, is used in place of the total mass flow rate riz and the discharge

power P, is used in place of the total electrical power P,,..

2.5.2 Phenomenological Efficiency Model

A significant body of work exists exploring ways to further decompose Hall thruster efficiency
in an effort to isolate physical processes and better understand the specific loss mechanisms
[79,101-105]. Dissecting thruster performance in this manner provides insight into how the
plasma processes change with changes in thruster operating parameters such as discharge
voltage and propellant flow rate. This type of analysis can aid with targeted thruster design
improvements, as was the case with the development of the plasma lens magnetic field
topography [3,79].

Hofer developed a four-component model [102] that later gained a fifth component [104].
This model has been used in many works across the literature [2,72,105-108]. The five

components of this model are:
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1. Charge utilization efficiency (n,), which captures loss effects due to the creation of

multiply-charged ions.

2. Voltage utilization efficiency (7,), which is related to the conversion of voltage
into axially-directed velocity. Voltage utilization efficiency can also be thought of as
related to the spread in ion velocities, which can be a result of factors such as the spatial
variation in the ionization location and the overlap of the ionization and acceleration

regions of the discharge, as well as the magnitude of the cathode coupling voltage.

3. Current utilization efficiency (7,), which is the fraction of ion current in the dis-
charge current. Discharge current in a Hall thruster is the sum of the ion and electron

currents, yet only ion current contributes to thrust generation.

4. Mass utilization efficiency (n,,), which is related to the conversion of neutral mass

flux into ion mass flux.

5. Plume divergence utilization efficiency (n,), which accounts for the finite beam

divergence in Hall thrusters.

The product of these five efficiency components is the anode efficiency:

Ta = TgMuT s MmlTd» (2.12)

and each of the components are calculated as follows:

_ _ ' 2.13
Nq D @, ( )
Va
= ==, 2.14
=y (2.14)
I
=+ (2.15)
1y
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. y
M = 2 = am(m.X b), (2.16)
1, e

N4 = (cos 6)°, (2.17)

where Q; is the current fraction of the i species, Z; is the charge state of the i species,
V, is the acceleration voltage, V, is the discharge voltage, I, is the beam current, I, is the
discharge current, 1, is the ion beam mass flow rate, my, is the mass of xenon, e is the
elementary charge, and 6 is the divergence angle of the beam.

These efficiency parameters are typically studied in the laboratory using an array of
plasma diagnostics in the thruster plume [1,71,72,79,106] that includes Langmuir probes,
retarding potential analyzers, Wien Filter Spectrometers (also called ExB probes), and Fara-
day probes. More about these plasma diagnostics and the computations necessary to calcu-
late the efficiency parameters is presented in Chapter 4 below. As will be discussed, we were
able to utilize only a limited plasma diagnostics array on the X3 during high-power testing.
Thus, small modifications were made to the phenomenological model to accommodate the

collected data. We detail these modifications in the following section.

2.5.3 Limited-Diagnostics Phenomenological Efficiency Model

Early Hall thruster phenomenological efficiency analysis work such as that by Hofer [79] did
not include 7, as in Equation 2.17. Instead, diagnostics were coupled with thrust-stand-
based performance measurements which provided anode efficiency n,, and the beam current
I, was solved for as the only unknown in the system. It was only later that n; was explicitly
added as a separate term [104].

As will be discussed in more detail below in Chapter 4, the plasma diagnostic arm for
the high-power X3 testing was limited to spatially-static (non-moving) probes, and as such,
we were unable to include a Faraday probe for ion beam measurements. Faraday probes
provide I, and # measurements. To provide phenomenological efficiency analysis with this

setup, we revert to a model more like that of Hofer’s early work in [79], but with the beam
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divergence explicitly called out (though not solved for).
If we substitute Equations 2.13-2.17 into Equation 2.12 and re-arrange for the two un-

knowns (7, and ), we find:

yp I d ema

I,cosf = ,
nqnva’m mxe

(2.18)

which can be solved for explicitly using probe diagnostic data and thruster telemetry infor-
mation. Using I, cos 6, the mass utilization efficiency 7, and current utilization efficiency 7,

can be re-written into what we call their divergence-weighted values:

1, cos 0
o = (M)am (2.19)
e
and
I, cos @
Toa = — ; (2.20)
I,

which are actually identical to those developed by Hofer in [79] but which explicitly note that
the beam current [, is weighted by the beam divergence angle 6. These modified efficiency

values will be calculated for the X3 using probe data collected during high-power testing.

2.5.4 Mass Ingestion Efficiency Correction

The thrust produced by a Hall thruster is a function of the actual or total mass flow rate

being processed by the discharge, summed over all channels:

T =u, Z Mehact,is (221)

where 1., is the total flow rate being processed by channel i. This flow rate has two major

sources in Hall thruster ground testing:
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mch,i = ma,i + mingest,ia (222>

where ri1,; is the prescribed anode flow rate to channel i and 7it;ygs; is flow rate ingested by
that channel by separate mechanisms, for instance by flux to the channel from a ground test
facility with finite background pressure. The discharge power of a Hall thruster is similarly

dependent on the total flow rate being processed by the channel:

P;= Z Vailai = Z Vai ‘ Hiep,is (2.23)

Mprop
where P, is the discharge power, V,; and I,; are the discharge voltage and current of channel
i, e is the elementary charge and m,,,), is the propellant atomic mass. This is due to the fact
that the discharge current is dictated by the total mass being processed by the discharge
from all sources.

Both T and P, as described in Equations 2.21 and 2.23 are quantities that are measured
in the laboratory. Thus, it is apparent that to properly calculate anode or total efficiency
values, the proper mass flow rate to use is not simply r1, but m,, which takes into account the
“free” propellant not accounted for by the anode mass flow rates alone. A correction must
be made to the so-called “lab” anode efficiency, which only uses the anode mass flow rates
in the calculation, to account for this effect. We can re-write Equation 2.11 to accommodate

this updated mass flow rate as:

my,
Na,corrected = (na,lab)( N ) (224)
m

ch
We find that this correction factor is less than unity when there is additional propellant
being ingested, which makes sense as the corrected anode efficiency value is now accounting

for all propellant the thruster is processing.
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2.5.4.1 Test Facilty Ingestion

Traditionally, 7., due to facility ingestion (st iy ) is calculated as the flux to the discharge

channel using kinetic theory [67,109-111]:

it iy = Py Aimgest = « | 2 pyA, (2.25)
Facility = PMpropAingest = 27kaT PbAingests .
8

where @ is the particle flux, Ajug.s is the ingestion area (here, the thruster discharge annular
exit area), k;, is Boltzmann’s constant, T, is the gas temperature (typically taken as the
anode temperature, around 500 K), and p,, is the facility background pressure.

However, tests with multiple thrusters in multiple facilities has demonstrated that Equa-
tion 2.25 does not fully account for the changes seen in thruster operation with changing
facility background pressure [67,110,111]. Recent work by Frieman has demonstrated that
the so-called thermal model, as Equation 2.25 is referred to, is not accurate because it fails
to account for the presence of bulk motion in the background gas typical to most EP test
facilities [112,113]. In place of the thermal model, Frieman proposes a model called the
background flow model that captures these bulk motion effects. Frieman’s work generalizes
a model originally developed by Cai [114] to accommodate a variety of facility configurations.
The model was validated against a variety of experimental data and generally showed sig-
nificantly improved agreement over the thermal model results. The background flow model
calculates an expected flux at the plane of the thruster based on facility factors such as
the cryopump temperature, surface area, sticking coefficient, and location, as well as facility
cross-section. The model also accounts for collisional scattering between the neutrals flow-
ing toward the thruster and those flowing out of the thruster. From this expected flux, the
ingested mass flow rate rtf4ciniy is calculated. The mathematics of the model are left to the
reader in Reference [113].

We applied the background flow model here to calculate a more accurate value of 7 f4iiiry-

We used specific coefficients to represent GRC’s Vacuum Facility 5 (where the high-power
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X3 testing occurred) in the model that matched validation work done by Frieman '. These
values are based on the pump configuration (pump area, temperature, and location) of the
facility and can also be found in NASA facility literature 2. Using this value of 7t gy in
Equation 2.24, we find an expression for anode efficiency corrected for facility ingestion:
Na,facility = na,labl/ha#aﬂwm[y = Na,iabT] facility> (2-26)
where we define the mass flow rate fraction as nyaciiry. This new efficiency term will be

unity when no background gas is ingested and less than unity for cases with ingestion, thus

correcting the anode efficiency to reflect the additional propellant mass.

2.5.4.2 NHT Cross-Channel Ingestion

In addition to facility ingestion, each channel of a nested Hall thruster can also ingest neutral
gas from other operating channels of the thruster. This is a separate effect from facility
ingestion because it will still exist on-orbit and is not a by-product of testing in a facility
with finite pumping speed. In its most general form, this NHT ingestion term riyyr can be

expressed as:

mNHT,,' = Z’)/[jma,j. (227)
J

Each channel i ingests some amount of neutral low from the other firing channels j. This
ingestion from each channel is a function of that channel’s flow rate (r, ;) and a geometry
factor (y;;), which itself is a function of the relative ingestion areas and proximity of channel
j to channel i, as well as a weighting factor accounting for whether the channel is operating
or simply flowing cold gas. The summation over j should also include the cathode, which is
also a source of neutral particles. This is of increased importance on thrusters such as the

X3 that feature external neutral injection at the cathode.

!Personal correspondence, October 2017.
2For instance: https://wwwl.grc.nasa.gov/facilities/epl/. Accessed January 1, 2018.
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Thus, following the development above, we can expect a similar mass flow rate fraction
relating the effect of the ingestion from other channels on the anode efficiency of the thruster.
However, unlike the 74, term, which should be removed from 7, to correct for effects
not seen on-orbit, the effects due to propellant-sharing between channels is an effect that
will be seen on-orbit and thus does not need to be removed from the ground-test thruster
efficiency analysis. However, we can still separate the value and calculate it as a separate

efficiency term in the phenomenological model. In this manner we find:

Nadab \ [ 200 Mai + Mtacitity,i + MNHT,; Na,lab
= NNHT> (228)

na,lab = na,space = ( R R
Zi My,; + M facility,i Ntacility

Nracility
where we find that nygr, as it is defined, boosts the effective in-space anode efficiency 14 space
when the channels are ingesting from each other and is unity when there is no cross-channel
neutral sharing.

Determining myyr in the lab can be difficult, as a number of competing phenomena are
at work. The ideal way to do so would be to operate each of the channel combinations at a
fixed facility background pressure and magnetic field and observe how the ingestion (by way
of changes in the discharge current) varies between cases for a given set of discharge voltages
and currents. Variations could be made in cathode flow and channel flow separately to
make quantitative assessments of vy;; for each combination. However, this manner of highly-
controlled experiment may be difficult, especially for large thrusters where the background
pressures vary considerably between conditions. It must be understood that a nygr value
established for a set of channel combinations at fixed discharge voltage and current but for
varying background pressure and magnetic field settings likely contains effects from multiple
phenomena, not all of which are exclusive to NHTs. For instance, work has shown that the
discharge current oscillation level varies with facility pressure [111], and that these levels are
correlated with changes in thruster performance [48]. Changes in background pressure across
conditions may cause a channel to change oscillation modes and thus change performance,

resulting in an anomalous value of nyyr from an apparent difference in required propellant
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flow rate that is not a product of cross-channel ingestion. Background pressure has also
been shown to shift the location of the acceleration region within the Hall thruster discharge
channel, again resulting in a change in performance and operation of the thruster [115]. These
effects are difficult enough to uncouple from one another for single-channel thrusters, and
the addition of multiple channels interacting with one another only increases the complexity.
However, a preliminary attempt can still be made to estimate the value of nyg7r from thruster

performance data.

2.6 X3 Performance

2.6.1 Expected

The X3 was developed using the Hall thruster scaling laws described above and developed
by Manzella [11]. As such, we can derive the expected performance of the X3. These
figures will be based on experimental results from a number of thrusters also developed
using similar scaling procedures: the NASA-300M [75], the NASA-400M [76], the NASA-
457Mv1 [10,11,73], the NASA-457Mv2 [74], and the H6 [72]. The X3 is designed to operate
at similar current densities and discharge voltages as these thrusters. As such, we can infer a
number of expected performance parameters for the X3 from the performance data reported
from these thrusters. A number of these thrusters, including the NASA-300M, NASA-400M,
and NASA-457Mv1, were also operated on krypton, providing ample data from which to
draw expected krypton performance of the X3.

All of these thrusters are un-shielded: though tests have shown that performance is
generally comparable when comparing the un-shielded and shielded version of the same
thruster (e.g., for the H6MS [41] and for the NASA-300MS [116]) and when comparing a
natively-shielded thruster to unshielded thrusters [67], the selected un-shielded thrusters are
more directly related to the design of the X3, and thus to its expected performance.

It should be noted that none of these expected performance values are drawn from the
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performance of any nested thrusters. The X2’s performance values have been left out due
to that thruster’s differences in channel scaling. The work of the X2 suggested that there
may be additional processes present during dual-channel mode [1]. If those processes extend
to the X3, they can be expected to change the performance values during multi-channel
operation. This analysis does not make an attempt to account or predict for these possible

differences.

2.6.1.1 Specific Impulse

As discussed above for Equation 2.2, the specific impulse of a thruster is directly related to
the exhaust velocity of its propellant. In an electrostatic device such as a Hall thruster, the
electric potential through which an ion is accelerated dictates its velocity. This potential
is directly related to the discharge voltage in a Hall thruster, and as such, it is generally
expected that specific impulses should increase with increasing discharge voltage.

We can create an expression for theoretical specific impulse by performing an electrostatic

2€Vd
Isp,theory = 4 { mpmpgz s (229)

where all variables hold their previous definitions. We can use this expression to derive

energy balance:

theoretical specific impulse values at various discharge voltages. As can be seen, higher
discharge voltages are expected to yield higher specific impulses. Also, the smaller mass
of krypton provides a higher specific impulse value at the same discharge voltage. Values
predicted by this expression for discharge voltages of 300 V and 800 V are 2140 seconds and
3490 seconds for xenon and 2680 seconds and 4370 seconds for krypton, respectively.

The actual exhaust velocity produced by a thruster, and thus the actual specific impulse,
can be affected by a number of factors in a Hall thruster. Most notably, Hall thruster ion
beams have a non-negligible divergence angle. This indicates that a non-negligible popu-
lation of ions have a portion of their velocity off-axis, which will not contribute to thrust

(from which specific impulse is calculated in the laboratory). Other efficiency losses, which
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will be discussed below in more detail, can limit the velocity achieved by the ions. Finally,
the presence of multiply-charged ions will actually cause an increase in the effective specific
impulse because those ions are accelerated to higher velocity than their singly-charged coun-
terparts. Experimental data from the selected thrusters firing on xenon propellant shows
that total specific impulse values tend to be lower than the theoretical value by about 10%
at 300 V but approach and even exceed the theoretical value around 600 V. Peterson’s work
on the NASA-400M suggested that this was due to an increase in the multiply-charged ion
population at higher discharge voltages [76].

When the total specific impulse for a given discharge voltage is plotted as a function of
discharge power (which is effectively plotting against mass flow rate or current density), all
of the selected thrusters demonstrated generally flat behavior except at low power levels or
flow rates, where specific impulse values typically decreased. This indicates that these low
flow rates may provide too low a current density for optimal Hall thruster operation.

Based on these results, the X3 can be expected to produce total specific impulses:
e On the order of 1800-2000 seconds at 300 V discharge voltage
e On the order of 26002800 seconds at 600 V discharge voltage
e On the order of 2900-3300 seconds at 800 V discharge voltage

with the possibility of larger values if the population of multiply-charged ions increases with
discharge voltage.

The use of krypton as a propellant is intended to increase the specific impulse capability
of the X3. Previous results on the NASA-400M [76] and NASA-457Mv1 [73] indicated that,
if the discharge voltage stretch goals for the X3 are realized and the thruster is operated at
1000 V on krypton, specific impulses around 4500 seconds may be possible. The NASA-400M
achieved 4943 seconds anode specific impulse at 1050 V and an anode efficiency of 0.68, and
the NASA-457Mv1 achieved 4495 seconds total specific impulse at 1000 V and 0.63 anode

efficiency.
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Figure 2.6: Trends in the five phenomenological efficiencies as function of discharge voltage
for the NASA-173Mv2 Hall thruster. Figure reproduced from [2], which itself reproduces
data from [3].

2.6.1.2 Efficiency

As noted above, the anode efficiency can be decomposed into charge, voltage, current, mass,
and beam divergence utilization partial efficiencies. The trends in these then dictate the trend
in anode efficiency. Hofer’s work with the NASA-173M thruster provided clear trends for
the various efficiencies as a function of discharge voltage at constant flow rate [3]. Figure 2.6
shows the trends of these various efficiencies as a function of discharge voltage for the NASA-
173Mv2 thruster [2,3]. As can be seen, the anode efficiency increases monotonically with
discharge voltage. This is driven by the increases in voltage utilization efficiency and current
utilization efficiency. These results, which pioneered the efficient operation of Hall thrusters
at high discharge voltage/specific impulse, emphasize the importance of the magnetic field
in optimizing electron dynamics. This trend of increasing efficiency with discharge voltage
is seen to varying degrees with all of the thrusters noted in this section. Based on these
data, including the subsequent improvements to efficiency seen in other thrusters such as
the NASA-300M, the X3 can be expected to operate at total efficiencies on the order of 60%

at 300 V discharge voltage and in excess of 65% at 800 V.
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The penalty for a switch to krypton propellant is typically a drop in efficiency. Work by
Linnell [117,118] highlighted the efficiency defects present in krypton performance, namely
that krypton produces propellant utilization and beam divergence efficiencies that are lower
by several percentage points than those produced by xenon. Krypton also has a higher first
ionization energy (14.0 eV, as compared to xenon’s 12.1 eV [119]), which makes it more
costly to ionize. Based on the performance tests of the NASA-300M, NASA-400M, and
NASA-457Mv1, the X3 can be expected to provide total efficiencies on krypton propellant
of approximately 50-55% at 300 V and closer to 60% around 800-1000 V.

2.6.1.3 Thrust

The expected thrust at a given discharge voltage can be predicted by the expected thrust to
power ratio (T/P) at that discharge voltage. Data suggest that T/P is comparable across
this family of thrusters at a given discharge voltage. If we re-arrange Equation 2.9 to solve
for T/P, then re-arrange Equation 2.5 to solve for thrust and substitute it in, we find the

following;:

2n

T/P =L,
I8

(2.30)

which indicates that T/P goes like the inverse of specific impulse. This is found to be the
case with Hall thrusters, which have previously demonstrated T/P values on the order of
65-69 mN/kW at 300 V, around 50 mN/kW at 500 V, and around 35-40 mN/kW at 800 V.
Based on these values, we calculated expected thrusts at various operating conditions. We

present these in Table 2.1.

2.6.2 Previous X3 Results

These results, originally presented by Florenz [4], were collected during the first firing of

the X3. Further details of the work can be found in References [120], [4], and [92]. These
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Table 2.1: Expected thrust values for the X3 at various operating conditions.

Vd Pd Texpected
300V 30kW | 20N
400V 50kW | 28N
400 V. 80 kW | 45N
400 V. 100 kW | 5.6 N
500 V. 100 kW | 4.1 N
800 V. 200 kW | 8.0N

tests were performed in the University of Michigan’s Large Vacuum Test Facility, which
is described in more detail in Chapter 4. The thruster was operated on xenon propellant
off of the same infrastructure (power supplies, flow controllers, etc.) as described below
in Chapter 4 as LVTF Configuration 1. The X3 was placed on a modified version of the
existing PEPL thrust stand, described elsewhere in the literature [121]. These modifications
included the insertion of torsional bearing arms similar to those used in the HMT stand
described in Chapter 4. The thrust stand was operated in displacement mode for the perfor-
mance characterization. Florenz characterized the uncertainty of the thrust measurements
at approximately + 100 mN based on noise in the displacement signal. This rather large
uncertainty on the thrust measurement propagates to uncertainties of approximately + 300
seconds and + 0.18 on anode specific impulse and anode efficiency, respectively. These error
bars were not included in the original work and are suppressed on the plots here for clarity.

The performance parameters, as reported by Florenz [4], are reproduced in Table 2.2.
New plots were created of these data and are presented here to better facilitate comparisons
between these data and those presented throughout the remainder of this work. First, we
present thrust versus discharge power in Figure 2.7. It can be seen that, in general, as
discharge power increases, thrust increases. This is to be expected. The only point of note
is that it appears as though the IO condition is performing slightly lower than the trendline
from the other data would predict.

Anode specific impulse versus discharge power is shown in Figure 2.8. Anode specific

impulse should trend upwards with discharge voltage, not power, and thus it would be
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Table 2.2: X3 initial performance on xenon propellant at 300 V, as reproduced from Florenz

14].

CHANNEL | Ipom T I, N4
I 13.1A 025N 1955s 0.604
M 31.7A 05N 1710s 0.438
O 55.2 A 0.88N 1850s 0.484
IM 451 A 0.78 N 2277s 0.642
MO 86.9 A 118N 1919s 0.426
10 689 A 116 N 2220s 0.612
IMO 1003 A 154 N 2347s 0.590
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Figure 2.7: Thrust versus discharge power from the X3 initial performance test campaign
on xenon. These data are reproduced from Reference [4] but are replotted here.
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Figure 2.8: Anode specific impulse versus discharge power from the X3 initial performance
test campaign on xenon. These data are reproduced from Reference [4] but are replotted
here.

expected that the trend on this plot would be flat. In general, this is true: there is no
obvious trend with increasing discharge power. However, the spread of these data is rather
large, with values ranging over 600 s from the minimum to the maximum. In particular, the
IM, MO, and IMO conditions appear to be performing at elevated anode specific impulse
as compared to the other four conditions. In fact, these three higher conditions appear
to be producing specific impulses that are atypically high for 300 V operation, though the
uncertainty in the measurements is large enough that conclusions are difficult to draw.
Finally, anode efficiency is presented in Figure 2.9. Once again, both theory and results
from other thrusters [10, 75, 76] suggest that efficiency should in general increase with in-
creasing discharge voltage but have no dependence on discharge power. And once again,
no clear trend is seen with increasing discharge power, yet there appear to be three points
separated from the remaining four. Here, the I condition has joined with the IM, MO, and

IMO conditions at approximately 60% anode efficiency, whereas the M, O, and IO conditions
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Figure 2.9: Anode efficiency versus discharge power from the X3 initial performance test
campaign on xenon. These data are reproduced from Reference [4] but are replotted here.

each perform below 50%. Reasons for this trend are also not clear, along with the reason
for the I condition exhibiting relatively low anode specific impulse yet relatively high effi-
ciency. It is also worth noting that these measurements do not vary outside their uncertainty
(approximately + 0.18).

Because of the large uncertainty in the thrust measurements, it is difficult to draw any
specific conclusions, especially regarding the performance of certain channel combinations
versus others except at the exact throttle points tested. Additionally, the thruster was being
fired at a relatively low current density due to facility pumping speed limitations. This test
showed the functionality of the X3 in all seven configurations and established that in general
it was producing a stable, uniform discharge with discharge current oscillations within the
expected range. Further photographs, telemetry, and performance data from these xenon
tests are presented in References [4] and [92].

The limited results from this work indicate the possibility that the X3 is, for unidentified

reason(s), not performing as expected. However, the data were limited in power level and
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both current density and discharge voltage throttling and were collected at relatively high
facility background pressures. All of these limitations, plus the indications of off-nominal
performance, make the need apparent for a detailed performance study of the X3 with both
thrust measurements and plasma plume diagnostics. The results from such a study have

implications for high-power Hall thrusters, NHTs, and Hall thruster scaling methodologies.

2.7 Summary

This chapter provided background information for this work. Electric propulsion is a means
of attaining propulsion exhaust velocities an order of magnitude larger than those provided
by chemical propulsion techniques and more relevant for interplanetary and deep-space explo-
ration. This work specifically focuses on Hall thrusters, which provide attractive performance
but are typically considered 1-10 kW devices. By concentrically nesting multiple discharge
channels in a single device, higher power can be attained while maintaining relatively com-
pact device footprint. The X3 nested Hall thruster, a 100-kW class, three-channel NHT, has
been developed to test the viability of such a scaling technique. This thruster is the focus of
this work. Hall thruster performance is typically assessed with an efficiency model that uses
plasma diagnostic measurements to study various physical mechanisms within the device.
We will use a similar technique in this work, with some key modifications to accommodate
the X3. Based on theory and historical values, we expect the X3 to be capable of producing

up to 8 N of thrust at 200 kW at an efficiency in excess of 65%.
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CHAPTER 3

Motivation

“Critical to deep space exploration will be the development of breakthrough propul-
sion systems and other advanced technologies.”

— President Barack Obama [122]

3.1 Introduction

The X3 represents a substantial advance in the capabilities of Hall thrusters. It is important
to understand the motivation for creating such a device and advancing these capabilities
beyond state of the art. This chapter explores this motivation in detail. First, we identify
the capabilities of >300-kW EP systems through a survey of mission-study literature in Sec-
tion 3.2. Next in Section 3.3 we detail the benefits that Hall thrusters offer as a propulsion
technology for these types of missions, showcasing their superior performance and specific
impulse capability. Finally, in Section 3.4 we explore the unique benefits of the NHT con-
figuration for designing multi-hundred-kW missions. We do so by expanding an existing
mass and cost model for EP system design to include the traits of NHTs in mass and power

density.
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Figure 3.1: The highest-power spacecraft flown every year from 1960 to 2011. This illus-
trates that on average available on-board power doubles every four years. Reproduced from
Reference [5].

3.2 Capabilities of EP Systems in Excess of 300 kW

3.2.1 Progress in On-Board Power

A 500-kW or 1-MW solar array would be very large using current state-of-the-art technology.
The International Space Station features solar arrays with an active area of approximately
1680 m? that provide on-board power of approximately 260 kW [5]. Based on these values,
a 500 kW array of the same technology would be approximately 3230 m? and a 1 MW array
would be 6460 m?. These values are only for on-board powers at 1 AU; power drops off as
1/r2,., where ry,, is the distance from the sun.

However, solar array technology is continually improving at a rapid pace. Estimates based
on the highest-powered spacecraft launched in each year since 1959 (the year the Vanguard
spacecraft launched with 1 W of on-board solar power) show that the available power from
solar arrays approximately doubles every 4 years [5]. Figure 3.1 reproduces a figure from
Reference [5] illustrating this trend. In that reference, Brophy points out that the 1-kW

SERT II spacecraft launched in 1970 was well above the trendline, yet the more recent Deep
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Space 1 and Dawn missions fell well below the trendline. He argues that this illustrates
that the capabilities of solar arrays have caught up to the demands of electric propulsion.
With available power doubling every four years and solar array efficiencies improving as well,
discussing a 500 kW or even 1 MW solar array is not unreasonable when discussing missions
in the next few decades. However, because of the 1/ry,, dependence of solar power, these
values decrease significantly as a spacecraft flies toward destinations such as Mars or Jupiter.

Nuclear reactors are often used in conceptual mission studies looking farther into the
future [123,124]. Estimates suggest that nuclear reactors would likely be able to provide
power levels in the range of 1-5 MW. However, as of this writing, development of nuclear
reactors for space applications has been limited, and only a single nuclear-powered spacecraft
has been launched by the United States. That reactor, the SNAP-10A, ended after producing
590 W of power due to the failure of a voltage regulator after its launch in 1965 [125]. A
number of Russian satellites have been launched with nuclear power with greater success
[124]. More recently, NASA had a short-lived program aimed at advancing the state of the
art of nuclear-powered electric propulsion. This program, called Project Prometheus [126],
was funded from 2003 to 2006. It sought to develop a 100-kW flagship science mission and
progressed as far as developing the Jupiter Ice Moon Orbiter concept before funding was cut.
Very recently, the Kilopower program, a collaboration between NASA GRC and Los Alamos
National Laboratory, has been working to advance the state of the art of fission reactors for
space applications. They are developing 1-10 kW reactors using both thermoelectric and
Stirling technology [127,128] and are preparing for a 28-hour full-power demonstration of an
engineering unit .

Thus, both solar panel and nuclear reactor technology are continuing to advance to higher
power capability. A set of 10-kW Kilopower-like reactors could provide constant power for a
high-power EP mission regardless of the destination. High-power, state of the art solar panels

could also be used, though they would require throttleability of the propulsion system as

1See for instance: https://www.nasa.gov/directorates/spacetech/feature/Powering_Up_NASA_
Human_Reach_for_the_Red_Planet. Accessed January 1, 2018.
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power decreased. Both of these technologies show promising progress toward being capable

of powering electric propulsion missions in excess of 300 kW.

3.2.2 Possible Destinations

A number of mission studies that have been produced for EP systems with power levels
at or exceeding 500 kW are explored below. These types of missions illustrate the various
ways that EP systems can directly impact mission design. The tenants of these missions can
be applied, in some fashion, to a wide variety of other destinations and mission types not
discussed here or explored widely in the literature.

A number of these mission studies follow what is called a hybrid approach as part of
NASA'’s Electric Path architecture [129]. This architecture, originally developed by Strange
at JPL, combines a chemical propulsion system and a solar electric propulsion (SEP) system
on both cargo and crewed vehicles. This hybrid approach uses the SEP system where possible
to maximize the mass savings but relies on the chemical system when necessary to enact
large orbital maneuvers quickly. As we will show below, the hybrid approach has been
demonstrated as applicable for many destinations and to provide significant mass savings

with little to no increase in trip times over a chemical-only system.

3.2.2.1 Near-earth Asteroids

Near-earth asteroids (NEAs) are of interest for robotic or human missions for a number of
reasons. These bodies vary widely in composition and can be of significant scientific merit.
A Discovery-class mission was recently awarded to a team looking to use a string of 5-kW
Hall thrusters to explore the large asteroid Psyche, which is suspected to be the core of
a small planet that failed to form during the early development of the solar system [130].
This mission looks to use unmanned exploration of Psyche to understand metal cores and
explore a type of body unique within our solar system. Psyche is just one specific example

of the variety of NEAs and the potential science questions that could be answered through
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exploration of these bodies. Additionally, there is strong interest in the potential of asteroid
mining as a means of capturing the resources found within NEAs [131].

A study by Brophy [5] explores using a 300-kW solar electric propulsion system for the
human exploration of NEAs. The specific mission studied begins with the launch of the
Deep Space Habitat (DSH), the Space Exploration Vehicle (SEV), and a 300-kW electric
propulsion system called the SEP Freighter. The Freighter moves the DSH and SEV out
from the low-Earth orbit (LEO) in which they were launched via a typical low-thrust spiral.
Once they are clear of the Van Allen radiation belt, the human crew launches to join with
the vehicle. A chemical propulsion stage provides an initial impulsive Earth-escape burn.
This chemical stage is then jettisoned, and the Freighter provides a continuous burn for the
remainder of the 160 day trip to the NEA (a generic “hard-to-reach” NEA in the study).
After a 30 day stay at the NEA, the crew returns to Earth in a 200 day trip.

This study found that an EP system on the order of 300 kW would reduce the number of
heavy-lift launches needed for this mission by a factor of two. The mission was made capable
by a system of 40-kW Hall thrusters operating at a specific impulse of 2000 seconds. This
mission study was designed to minimize the cost of the system, and the authors prioritized
cost reduction over mass reduction. This is part of the reason why a 300-kW system of 40-
kW thrusters was selected: it represented a balance between development costs and mission
benefits. The details of these types of trades are presented below in Section 3.4. As the
development of high-power propulsion devices and solar arrays continues, it can easily be
seen that the benefits to a mission of this type would increase with increasing system power.
A higher system power at similar specific impulses and efficiencies would result in either

reduced trip times, increased payload capabilities, or both.

3.2.2.2 Phobos and Deimos

Phobos and Deimos, Mars’s two moons, provide enticing targets for possible human missions,

especially as first steps in a larger Mars mission program. A 2009 report by the Advisory
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Committee on the Future of the U.S. Space Program [132] concluded that “Mars is the
ultimate destination for human exploration; but it is not the best first destination.” Phobos
and Deimos provide two potential better first destinations. Mars’s moons provide a number
of benefits to a larger human Mars mission architecture. They potentially house valuable
resources such as water, and they provide a representative intermediate step for a Mars
mission program, allowing a spacecraft to travel the full distance to Mars without traveling
into, and requiring a trip out of, Mars’s deep gravity well.

A base established on one of the moons could serve a number of purposes. It could
function as a mission control for missions to Mars’s surface, which would circumvent the
long communication delay with a mission control team on Earth’s surface, providing faster
response in the event of a problem and even providing means for a quick human rescue
team if needed. It could also serve as a quarantine way station, which would help prevent
contamination from equipment incoming from Earth as well as from samples returning to
Earth.

A study by Strange [133] investigated the benefits that a high-power solar electric propul-
sion system could provide to a human mission to Phobos or Deimos. This study applied
the hybrid approach detailed above to two mission scenarios. In the first, a SEP system is
used to pre-position cargo and the crew follows behind in a deep space habitat propelled by
a chemical system. In the second, a SEP system is used for both cargo and crew transport.
In both scenarios, a 300-kW system was used for cargo transport, firing at 3000 seconds
specific impulse. For the crew system, where reducing trip time is of increased importance,
a 700-kW system firing at 1800 seconds specific impulse is used. Both mission scenarios are
designed for high total mass transport (69.2 t of cargo) to the moons. The mission takes
two Deep Space Habitat units and leaves one behind on the surface of the moon for future
missions (the beginning of a base). There is capacity for crew supplies for a mission duration
of three years.

The study found that using 300-kW SEP for cargo and chemical propulsion for the crew
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provided a mass savings of 44% to 46% over an all-chemical system. And by employing the
700-kW SEP system in place of the chemical system for crew transport, another 13% to
26% was saved (the values vary depending on which launch window was selected). There
is a trade-off, however, in time on the surface: whereas the chemical-propelled crew vehicle
allowed for stays of 1-1.5 years, the longer trip times of the SEP-propelled crew vehicle drop
those stay times to 4-6 months. Depending on mission goals, the mass savings may outweigh

the decreased stay time. The total mission times remain similar.

3.2.2.3 Mars

The same 2009 report by the Advisory Committee on the Future of the U.S. Space Pro-
gram [132] also noted that “Mars is unquestionably the most scientifically interesting desti-

" an opinion prevalent long before the report was published.

nation in the inner solar system,’
Substantive Mars mission concepts have been published since at least 1953. It was in that
year, 16 years before humans first landed on Earth’s moon, that Werner Von Braun pub-
lished his vision of a many-crewed, all-chemical, multi-ship mission to Mars in The Mars
Project [134].

Since then, Mars has been a perpetual goal of human spaceflight [135]. Much of the
buildup of infrastructure for electric propulsion testing—infrastructure still relied on today,
even for the testing detailed below—was completed in the late 1950s and early 1960s because
at that time it was expected that ships propelled by nuclear electric propulsion systems
would be an integral part of human missions to Mars in the 1970s [136]. There have been
book-length mission plans published [137], as well as a science fiction novel based around a
nuclear-electric mission [7].

Thus, a large body of work exists on missions to Mars. For our purposes, these concepts
can be simply split into two categories: those with all-chemical propulsion systems and those

that incorporate, in some fashion, electric propulsion. These latter concepts vary widely in

power level and scope, from low-power concepts involving as few as 8 kW of EP [29] to

%)



massive multi-megawatt missions [123].

A number of studies investigate the benefits of using SEP systems at power levels on
the order of a couple hundred kilowatts and below [29,138-140]. Many of these lower-power
studies investigate the use of an SEP system for cargo transport only, leaving the crew
transport to a separate chemically-propelled vehicle. The reason for this is that at lower
powers, the mass benefits of a SEP system are outweighed by the longer trip times that a
lower-power system necessitates. A number of these studies, including those by Williams [29]
and by Price [139], look to utilize established technology (for Williams, NASA’s NSTAR ion
thruster [141], and for Price, NASA’s HERMeS Hall thruster [142]). Even at these lower
power levels, the benefits of using SEP are clear. In Price’s study, two 100-kW SEP cargo
tugs firing at 3000 seconds specific impulse are used to pre-position a habitat and other
equipment at Phobos, which then allows for a crew to follow behind for a 950-day mission.
These two 100-kW tugs can easily be combined into a single 200-kW unit, and scaling beyond
those power levels only increases the available payload mass.

A study by Myers illustrates the benefits of using higher-power SEP systems for cargo
transport [31]. The architecture proposed in that study uses two cargo tugs: one with 300
kW of SEP propulsion and one with 600 kW. Using a SEP system for cargo provides an
improvement in initial mass launched to low-Earth orbit of 46% for direct return missions
and 55% for missions returning to LEO. Doubling the power level of the propulsion system
doubles the payload capability of the ship, as expected. The 600-kW cargo tug envisioned
by Myers would utilize five 150-kW thrusters firing at 3000 seconds specific impulse. This
system would use approximately 65 t of xenon (though the article points out that krypton
would serve as well) to ferry 70 t-class payloads to Mars. Payloads of this class include Mars
descent and ascent vehicles, 4-crew Mars habitats, and surface exploration equipment: the
type of equipment necessary for long-duration human missions. Around power levels of 300
kW, application of SEP systems to crewed capsules becomes reasonable. One such study by

Strange [129] showed that an SEP system on the order of 250 kW, operating at 3000 seconds
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specific impulse and an efficiency of about 60% (for a total thrust of approximately 15 N)
would enable missions to Mars lasting a total time of 1 year. By raising the system power
to 500 kW, the mission time can extend to 3 years.

A study by Gefert [143] from 1999 illustrated how improvements in areas outside propul-
sion allowed for substantial reductions in necessary propulsion system power. Many previous
studies [144-147] had concluded that power levels on the order of 8 MW were necessary to
provide reasonable trip times for all-electric piloted missions from low-Earth orbit to Mars
capture orbit. However, Gefert concluded that a combination of a hybrid chemical/electric
propulsion architecture (identical in nature to the hybrid approach recently proposed by
Strange and others at JPL that was mentioned above), aerobrake technology, and cryogenic
propellant storage would drop a mission’s power needs closer to 0.5-1 MW. The study fur-
ther concluded that the mission performance of a 800-kW system operating at 2000 seconds
specific impulse and that of a 1.9-MW system operating at 4000 seconds specific impulse
were very similar, showcasing that for Mars missions, lower specific impulse is desired to
reduce trip times.

Another study by Chiravalle [124] investigated a Mars mission architecture and found
that, in terms of trip times and mass fraction, a 3800-second specific impulse system always
outperformed an 8000-second system. To obtain transfer times less than one year, a 3800-
second system at 1.5 MW was necessary. That same system, scaled down to a power level
of only 500 kW, would provide 18-month transfer times. The 1.5 MW system would be
necessary to keep transfer times low enough for crewed missions, but an 18 month transit
time for a large cargo tug is completely reasonable within certain mission architectures.

Finally, a study by Schmidt [24] studied a mission architecture that involved a 145-day
outbound trip to Mars and stays ranging from 30 to 120 days. The study concluded that an
electric propulsion system operating at 3000 seconds specific impulse and providing 100 N of
thrust would enable the mission. Schmidt assumed a system efficiency of 37%, which put the

approximate power necessary for the mission at 4 MW. Improving the system efficiency to
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60%, commensurate with EP technologies such as ion and Hall thrusters, drops the necessary
power level to 2.5 MW.

A number of other studies have investigated power levels beyond those discussed here.
One by Braun [123] traded between four approaches, including an all-chemical system, a
nuclear-thermal system, a single capsule with both chemical and electric propulsion systems
(once again, the hybrid approach), and two separate vehicles, one with a chemical system and
one with an electric system. This study used a 4-MW, 3000-second specific impulse argon
ion thruster system. It found that no system clearly dominated the others but that the best
system depended on exact mission structure. Another study by Keaton [148] analyzed the
benefits of using a 150-N EP system at 3000-seconds specific impulse and found that it could
complete a given Mars mission profile with 40% less mass delivered to LEO than required
of an all-chemical system.

Thus, the literature shows that electric propulsion systems benefit Mars missions at
powers as low as 8 kW, with those benefits increasing with power. Both cargo tugs and
crew capsules with electric propulsion systems on the order of 600 kW or higher provide

substantial benefits to Mars mission architectures over all-chemical alternatives.

3.2.2.4 Deep Space

Deep space is a realm mostly left to lower-power spacecraft at the moment. The success
of Deep Space 1 [149] and Dawn [150], which both used electric propulsion systems of less
than 10 kW, has demonstrated that for Discovery-class missions and small probes, the use
of low-power, high-specific impulse propulsion provides substantial mass savings. At the
moment, the focus of NASA’s Human Exploration and Operations Mission Directorate is on
large-payload human or cargo missions to places mentioned above and for continued robotic
(i.e., small-payload) exploration of targets beyond Mars.

However, human missions aside, high-power EP systems would provide the capability of

large sample return missions to deep-space objects. There are many bodies beyond Mars of
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considerable scientific interest, including comets, asteroids, planets, and moons. A number
of the moons of other planets in the Solar System, including Jupiter’s Europa [151] and
Saturn’s Titan [152] and Enceladus [153] show promising signs of potential water oceans
under crusts of ice. These types of features hold the possibility of containing life and thus
are of significant scientific interest.

The same study by Chiravalle mentioned above [124] also investigated two deep space
missions for high-power EP. One mission studied transferring a 10 t payload from Earth
to Jupiter’s moon Europa, and the other studied a similar-sized mission to Saturn’s moon
Titan. These studies investigated only 8000-second specific impulse systems and did not
do trades on possible benefits of lower specific impulses. However, both missions displayed
similar power requirements. For the Europa mission, 1.1 MW of power would provide a
trip time of 54 months, and dropping the power to 232 kW extended the trip time to 72
months. For the mission to Titan, similar results showed that a system power level of 417
kW produced a trip time of 84 months, and reducing the power level to 145 kW extended the
trip to 114 months. Nuclear power would be required to make these power levels practical
in deep space.

Though studies are currently limited, these results demonstrate the potential of high-
power EP systems as applied to deep space missions. As the technology, and the goals of
space exploration, continue to develop, these missions will be treated with greater variety

and attention, and further advantages of high-power EP systems will likely be uncovered.

3.3 Benefits of Hall Thrusters

We have demonstrated the capabilities and benefits of EP systems at power levels on the
order of several-hundred kilowatts and above. Next, we turn to the question of which EP
technology is best suited for these types of missions. A wide range of factors drive this

selection, and depending on the relative importance given to various factors (e.g., putting
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emphasis on cost savings at the expense of mass savings [5]), different technologies may be
selected. Here, we detail the various factors that affect the selection of an EP technology, then
analyze leading candidate technologies for these high-power, high-specific impulse missions.

Factors that can drive EP technology selection include, in no particular order:

e Technology maturity or technology readiness level. This encompasses flight history
and relative development of not only the thruster technology but of the supporting
technology needed in flight such as power processing units, propellant flow systems,
gimbals, etc. This has a direct effect on both mission risk and mission cost, as technolo-
gies with lower maturity require increased development costs to bring them to flight

qualification.

e Performance, including efficiency and specific impulse range. This directly impacts

the mass savings and trip times achievable for a given mission profile.
e Scalability to relevant powers while maintaining performance.

e Specific mass (typically given in units of kg/kW). Payload mass savings can be

adversely effected by overly heavy propulsion systems.

e Lifetime capability. Thrusters must be able to operate for long enough to complete
a mission. Some electric propulsion mission architectures call for system re-useability

to limit costs, which extends the lifetime demand beyond a single trip.

e Footprint or thrust density. Although spacecraft concepts for high-power missions
typically have ample space for propulsion systems [6], minimizing propulsion system
footprint is often still desirable to limit plasma plume size and possible spacecraft

impingement.

e System complexity. Some electric propulsion concepts rely on exotic technologies
such as super-conducting magnets. Others rely on high currents or voltages for oper-

ation. Complexity can increase risk and possible failure modes for a system.
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e Ground test capabilities. Ground testing certain technologies in a relative envi-
ronment can be difficult or impossible. Proper ground testing is key to proper flight

qualification.

Of the available electric propulsion technologies, a number can be eliminated immediately.
Resistojets and arcjets simply do not provide specific impulses high enough for the missions
detailed above. Resistojets typically provide specific impulses of 200-350 seconds and arcjets
have demonstrated a maximum of 1500 seconds on hydrogen propellant [17].

There are a number of technologies that show promise but that are underdeveloped
when compared to other options. These include the Variable-Specific Impulse Magneto-
plasma Rocket (VASIMR) [94], which has gone through a significant amount of theoretical
development but relies on superconducting magnets [154] and has been plagued by ground
test issues that limit its operation to “shots” less than 30 seconds in duration followed by
substantial cooling periods [95], leaving significant questions regarding its feasibility and life-
time. Also in this category are field-reversed configuration (FRC) thrusters [155,156]. These
thrusters rely on the development of plasmoids that are ejected at high-frequency from the
device to generate thrust. Early experiments have been promising, but a significant amount
of work is necessary to advance the technology readiness level of FRC thrusters.

Magnetoplasmadynamic (MPD) thrusters have a number of attractive qualities. They
can operate at specific impulses of 2000-5000 seconds [157], well-suited for the missions de-
tailed above. They have excellent thrust density [17], which translates to a small footprint for
a MW-level system, and they have been demonstrated in the laboratory at multi-megawatt
power levels [158]. However, MPDs do not operate at the efficiencies that technologies such
as Hall and ion thrusters do, typically operating at efficiencies less than 0.25 for argon and
less than 0.10 for xenon, though efficiencies up to 0.69 have been measured on lithium propel-
lant [159]. The multi-megawatt MPD in Reference [158] demonstrated 0.38 efficiency at 4000
seconds specific impulse on argon. Additionally, MPD thrusters lack the lifetime capability

necessary for months-long or years-long mission durations. Lifetime assessments indicated
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that MPD thrusters were two to three orders of magnitude below what was necessary for
high-power missions to Mars [160].

Pulsed Inductive Thrusters (PITs) offer another potential EP technology. PITs as large as
1 meter in diameter have been demonstrated [161], and TRW, Inc., owns a patent for a mutli-
megawatt PIT design [162]. However, PITs lack both the development and performance
necessary for these types of missions. Thrusters have demonstrated large thrust values and
specific impulses in the 2000-7000 second range, but have only achieved efficiencies up to
0.50 [163,164].

Unlike most of the device types detailed above, ion thrusters have a significant, successful
flight heritage and performance that lends itself well to the success of the missions detailed
above. Beginning with the flight of the SERT I spacecraft in 1964 (an in-depth summary of
which is presented in Reference [20]), which demonstrated 20 mN of thrust over 31 minutes
of operation to become the first in-space demonstration of an EP device, ion thrusters have
reliably demonstrated specific impulses from 3000-8000 seconds and efficiencies in excess of
0.70 [2]. NASA’s NSTAR thruster has demonstrated lifetimes of 30,000 hours in ground tests
[165], 16,000 hours on the Deep Space 1 mission [28], and 46,000 hours on the Dawn mission
[22]. The next-generation NEXT ion thruster demonstrated 50,170 hours of operation during
a long-duration ground test that spanned a number of years [23]. In 1967, GRC (at the
time, Lewis Research Center) demonstrated a 200-kW ion thruster on mercury propellant
at specific impulses of 7000-8600 seconds [166] 2.

One mark against the ion thruster in the applications explored here is that it actually
operates at too high a specific impulse for some of the larger-payload human mission concepts:
as discussed, specific impulses closer to 2000 seconds help to minimize transit time, which is
critical for human missions. Ion thrusters do not perform as efficiently at these low specific
impulses [167]. Additionally, ion thrusters are typically operated at low thrust densities to

extend their lifetimes. The NEXT thruster is a 7 kW device capable of producing 237 mN

2This thruster is still on display at GRC and is shown next to the X3 in the front matter of this document.
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at its highest-thrust throttling point [23] and is 40 cm in diameter [168]. As a point of
comparison, the HOMS, a 6-kW long-life Hall thruster, is approximately 20 ¢m in diameter
and produces 385 mN at its nominal condition of 300 V, 20 A [41].

This then brings the discussion to Hall thrusters. As discussed in Chapter 2, Hall
thrusters are capable of specific impulses between 1500 and 3500 seconds on xenon propel-
lant, with values closer to 5000 seconds attainable with krypton. They are capable of 0.60
total efficiency or higher across this range of specific impulse. Traditionally, Hall thrusters
demonstrate discharge channel erosion due to plasma impingement that limits lifetimes to
less than 10,000 hours of operation [2]. However, magnetic shielding has shown promise in
extending these lifetimes significantly, with a target of 10° hours [40,41, 169].

The Hall thruster’s high efficiency and high thrust-to-power ratio at moderate specific
impulses (typically on the order of 65 mN/kW at 300 V discharge voltage), coupled with its
substantial flight heritage, long lifetime capabilities, and demonstrated scalability to high

power levels, makes it an ideal candidate for the types of missions outlined above.

3.4 Benefits of Nested Hall Thrusters

We have shown that the Hall thruster is a promising technology for a wide variety of missions.
We next turn to the design and makeup of the propulsion system. That is: how many
thrusters, of what power level, should comprise the propulsion system? Fault tolerance is
an important driving factor of the propulsion string composition. One downside to electric
propulsion systems is that the high-voltage nature of their operation gives rise to a number
of potential failure states. Redundancy for fault protection must therefore extend beyond
the thruster itself to the entire “string” (power processing unit, thruster, and cathode).
Typically, robotic missions are designed to be single-fault tolerant, whereas human missions
need double- or triple-fault tolerance [6].

This means that a single 500-kW thruster is not enough for a 500-kW mission because
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it is not fault tolerant, and that in all likelihood adding a second or third 500-kW string
would be overly massive. But what offers a better solution: three 250-kW thrusters? Eleven
50-kW thrusters? Five hundred and one 1-kW thrusters? This type of decision is a complex
one that, much like the decision process for the thruster technology itself, depends strongly
on the relative importance given to various factors. A model by Hofer and Randolph [6]
was developed to analyze this problem in great detail. Their work, described briefly below,
focused on single-channel Hall thrusters (SHTs). Subsequently, we expanded their model to

capture NHTs to explore their impact on the full propulsion system design optimization.

3.4.1 Description of Electric Propulsion System Mass and Cost

Model

The Hofer-Randolph model was designed to study the optimum number of thrusters for a
given total mission power requirement. To do so, the model consisted of two main equations:
one for system mass and one for system cost. Though the model was tuned to focus on SHTS,
it was designed to be applicable to any type of EP technology with appropriate input data.
The model captured the entire EP string, including the thruster, gimbal, xenon flow system
(XFS), propellant management assembly (PMA), power processing unit (PPU), xenon tank,
and cabling. An image of the system, reproduced from Hofer and Randolph [6], is shown
in Figure 3.2. For a given total mission power requirement, the electric propulsion string
can consist of a single high-power thruster or an abundance of lower-power thrusters. The
model predicted the mass of a BPT-4000 flight string designed for a NASA science mission
to within 3%, demonstrating its fidelity.

As discussed by Hofer and Randolph, the nature of electric propulsion and its typical
failure mechanisms (high-voltage issues including grounding and arcing, as well as thermal
issues) have led the community to adopt a fault tolerance scheme involving the inclusion of
one, two, or three redundant thruster strings corresponding to single-, double-, or triple-fault

tolerance. For example, the ion propulsion system for the Dawn mission was in a “2 plus 17
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Figure 3.2: The major elements of a Hall thruster propulsion system. Figure reproduced
from Reference [6].

configuration, in which there were two active ion thrusters and one redundant thruster [150].
The Hofer-Randolph model can capture an arbitrary fault-tolerance level, which allows for
study of the effects of carrying redundant thrusters on system optimization.

The mass equation is a combination of mass estimations of the various system compo-
nents. Each of these components has a scaling equation that incorporates (typically linear)
coefficients established by the authors. These coefficients were gathered from a number of
sources, including scientific literature, flight programs, and industry sources. The global

mass equation takes the form:

Msys = (1 + fs) (Mtg + Mppy + Mxps + Mo, + Mtank) 5 (31)

where M, is system mass, f; is the structural weighting factor, M,, is the mass of the
thruster and gimbal, Mppy is the mass of the power processing unit, Myrs is the mass of
the xenon flow system, M., is the mass of cabling, and M, is the mass of the propellant

tankage. This can be expanded to:
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Msys =+ fv) {(Nmt)

PS yS
(Atg + Appy + Acab) (N_)) + B, + Bppy
(3.2)
+Bxrs + Beap

+ CXFS + (1 + fmnk) IXePsys} >

where A, B, C, and [ are all linear regression coefficients for the various sub-systems, N, is
the total number of thrusters, Py, is the total system power, and N, is the number of active

thrusters. The various sub-system equations take the following forms. Thruster and gimbal:

Mtg =M, + Mgim

Psys
= (1 + f:gingim) (Nac + Nrd) [Ath (N ) + Bth] (33)

ac
ac

Psys
= (Nye + Nyg) Atg N_ +Btg s

where My, is the mass of the thruster, M,;, is the mass of the gimbal, D is a regression

coefficient, and N,; is the number of redundant thrusters. Power processing unit:

PSyS
Mppy = (Nac + Nya) | Arpy N Tt Bppy |, (3.4)
cabling:
Psys
Meap = (Nae + Nya) | Acan N_ + Bea | » (35)
xenon flow system:
Mxps = (Nae + Nya) Bxrs + Cxrs, (3.6)

xenon propellant:
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Table 3.1: Mass model coefficients used in this work. These values come from the work of
Hofer and Randolph [6].

Name A B C f I
(subscript) kW /kg/string] [kg/string]  [kg] [[] [[] [kg/kW]
Thruster (th) Variable 0 — —
Gimbal (gim) — — — 05 — —
PPU (ppu) 1.7419 4.654 — — — —
XFS (xfs) — 32412 4518 — —  —
Cabling (cab) 0.06778 0.7301 — - — —
Structural (s) — — —  — 026 —
Tankage (tank) — — — — 0.04 —
Xenon (Xe) — — — — — 100
My, = Iy Py, (3.7)

and tankage:

M,gnic = fmnkMXe (3 8)

= ftankIXe Psys .

For each of the subsystem components above, linear scaling is used as a first order ap-
proximation. Subsystems either scale with the power of each thruster (thruster, PPU), the
number of strings (XFS, cabling), the total system power (xenon), or the total propellant
mass (tankage). Except for the changes detailed below, our work here used the same nominal
coefficients used by Hofer and Randolph. For reference, these coefficients are presented in
Table 3.1.

It is important to note that Hofer and Randolph’s thruster specific mass coefficient, A,
was determined by fitting a line to a set of masses and nominal powers for single-channel
Hall thrusters. By doing so, the authors implicitly impose certain thruster characteristics:

namely, nominal Hall thruster current densities and discharge voltages of 300-400 V. To
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appropriately compare results, these characteristics must be imposed on the NHT designs
we add here as well. This puts arbitrary limits on thrusters and does not capture the entire
performance envelope of Hall thrusters. To use the X3 as an example, at 300 V and a nominal
discharge current density the X3 is an 80 kW thruster, implying that three X3s would be
necessary for a 200-kW mission. Yet the X3 has a 200-kW throttle point at 800 V discharge

voltage, meaning that a single X3 has the potential to serve the needs of a 200-kW mission.

3.4.2 Modifications to Mass Model to Capture NHT's

There are three terms in the Hofer-Randolph model that we change to accommodate NHT's:
the cabling, xenon flow system, and thruster specific mass. The cabling and XFS terms are
modified such that they scale per channel, not per thruster, and the thruster specific mass
is modified to vary with the number of channels. The PPU equation is not changed because
the discharge units for high-power SHTs (the source of the bulk of the mass and cost in
the PPU) are likely to be made up of lower-power (10-20 kW) sub-units. For a NHT at the
same power, these would simply be distributed across the N, channels. The cabling required
by this is captured in the M., term. It is expected that there will be a small increase in
PPU mass with increasing number of channels due to the fact that each channel requires
its own magnet power supplies, but these will remain less than 1 kW each and thus a small
fraction of the discharge power. Additionally, because NHTs are capable of operating off of
a single centrally-mounted cathode [1,4], the cathode heater and keeper requirements will
be identical for a given thruster power level, regardless of the number of channels. Thus, we

do not modify the PPU mass scaling.

3.4.2.1 Cabling and XF'S

The equations for cabling and the xenon flow system are modified such that they are multi-

plied by the number of channels in each thruster (N;):
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Psys
M. ap = N (Nac + Nrd) Acab N_ + Beas | » (39)

ac

and

Mxrs = Nen (Nac + Nya) Bxrs + Cxrs - (3.10)

This accounts for the fact that each active channel requires cabling and xenon mass flow

control. With these modifications, the global mass model equation becomes:

Msys = (1 + fs) {(Ntot)

PS S
(Atg + Appy + NchAcab) (N—y) + By, + Bppy

(3.11)
+NchBXFS + Bcab

+ CXFS + (1 + ﬁank) IXePsys} .

3.4.2.2 Thruster Specific Mass: General Expression

For an NHT, we denote total thruster power as the sum of the discharge powers of each

channel:

Nen
Py, = Z Vp.iL, (3.12)
i=1

where Vp; is the discharge voltage, and Z; is the current for the i channel. The current for

each channel can be expressed as

7, = jiA, (3.13)

where j; is current density and A; the exit area of the i channel. A Hall thruster channel

is an annulus, the area of which is
Ai = 7Td,'W,', (314)
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where the characteristic dimensions of the channel are the mean diameter d; and the channel

width w;. Equations 3.14 and 3.13 then can be substituted into Equation 3.12 to yield

Nen
P,h =T VD,ijidiWi- (315)
i=1

Thruster mass can be expressed as:

d + Wooten., |
Nen + WNch WP I chh) A , (316)

m:p”( 2 2

where p is the thruster volumetric mass density, dy,, is the diameter of the outermost channel,
wy,, is the width of the outermost channel, wye v, is the width of the outer channel’s poles,

and Az is the thickness of the thruster. This expression becomes

T 2
m= 2pAz (dn,, + Wi, + Whotewr,) - (3.17)

Equations 3.15 and 3.17 then can be combined to create an expression for the NHT specific

mass:

2
pAZ (dN(rh + WNch + WPOZE’NCh)

3.18
4 3NNV jidiwi (3.18)

Ath,NHT =

Equation 3.18 serves as a general analytical expression for the NHT geometry with an arbi-

trary number of channels, where no particular thruster design assumptions have been made.

3.4.2.3 Thruster Specific Mass: Example NHT Nesting Technique

A set of thruster design assumptions can be applied to Equation 3.18 to provide quantitative
values of A, yyr for use in the mass model. As discussed above, a discharge voltage of 300
V and a typical Hall thruster current density must be selected such that comparisons to the
results of the original work are valid. Discharge voltage and current density is assumed to

be constant across all channels (which matches the vast majority of NHT operation to date)
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and can be pulled outside of the summation in Equation 3.18. Next, we design an example
NHT channel nesting technique. First, we assume that the thruster front magnetic pole
pieces, which must be accounted for to scale the channels such that they do not overlap, are
approximately one-half the width of the channel to which they are adjacent. This is seen as
a reasonable approximation: Hall thruster scaling work has demonstrated that maintaining
appropriate magnetic field strengths on channel centerline is key to proper thruster operation
[11], a task that will require more magnetic circuit material as channel width increases. Thus,
as a first-order approximation, channel width and pole piece size scale together. Additionally,
it is assumed that pole pieces between nested channels are shared but are twice as wide as
those associated with a single channel. This approximately agrees with the designs of both
the X2 and the X3.

There are many possible schemes for nesting the channels of a NHT. Thruster power
goes with discharge channel exit area, so a design goal to maximize the benefit of the NHT
configuration is to maximize the amount of exit area contained within a given thruster outer
diameter. However, the magnetic pole pieces inhibit this. Ultimately the nesting technique
selected must balance engineering practicality with optimized geometry. The X3 provides
one such solution. The nesting technique used in the X3 features channel widths that increase

slightly with increasing channel diameter, of the general form:

wi=w +a(i-1), (3.19)

where w; is the width of the i channel, w; is width of the innermost (i=1) channel, and «
is a scale factor. For this example nesting technique, « is set to unity.

The remaining free variables in Equation 3.18 are the thruster density p and the thruster
thickness Az. Hall thruster scaling work has shown that the discharge channel length (and
thus thruster thickness) are primarily dictated by the discharge voltage [11], which is held
constant at 300 V here. Thus, Az is simply combined with thruster density p, and a value for

pAz is chosen such that the Hofer and Randolph single-channel A, value of 2.425 is recovered
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Table 3.2: Values for Ay ygr from Equation 3.18 for the example NHT channel nesting
technique.

Now | 1 2 3 4 5
Agnar | 2425 1941 1851 1.841 1.854

for single-channel thrusters. This assumes that the value of pAz remains constant no matter
how the channels are scaled.

The values for Ay, ygr produced by this nesting technique in Equation 3.18 are presented in
Table 3.2. It is worth noting that this particular nesting technique demonstrates asymptotic
behavior for N, > 3. This indicates that for this method the benefits from nesting more
than three channels may be limited. The implications of this at the system level are explored
below.

It can be argued that the NHT configuration only becomes useful at large enough thruster
sizes, i.e., high enough thruster powers, that significant diameter savings can be achieved
by nesting discharge channels. Single-channel Hall thrusters have been successfully demon-
strated up to power levels of 50 kW [10], so this power level is chosen as an arbitrary lower

limit for NHT application for the purposes of this model.

3.4.3 NHT Mass Model Results

We now use the values of Ay, yyr from Table 3.2 in Equation 3.11, and apply that equation
to four high-system-power mission profiles: 500 kW, 750 kW, 1.0 MW, and 1.25 MW. These
results are intended to demonstrate the basic trends of NHTs as compared to single-channel
thrusters and the potential advantages as system power level increases. The plots presented
below are designed to provide direct comparison to the results found with the original Hofer-
Randolph model. For a given total system power level, the model calculates the expected
system mass for number of active thrusters (N,.), which we plot along the abscissa in the
following figures. Thus, for a 1-MW system power, “1 active thruster” corresponds to a

system of one active and one redundant thruster at input powers of 1 MW each, “2 active
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Figure 3.3: System mass profile for X3-like NHT scaling for values of Nj,=1-5 and 1 re-
dundant thruster at 1-MW system power. The minimum of each curve is denoted with a
triangle. The minimum values and their corresponding number of thrusters are listed in the
table to the right of the figure.

thrusters” corresponds to a system of two active and one redundant thrusters at input powers
of 500 kW each, and so on. To facilitate direct comparisons, the results are normalized
against the minimum value of the N, = 1 case. Thus, values from the ordinate of the plots

correspond to the relative mass as compared to the single-channel minimum value.

3.4.3.1 Variation with System Power Level

Figure 3.3 presents the results for X3-like scaling for a 1-MW system with one redundant
thruster. The profiles are plotted as the normalized system mass versus the number of active
thrusters. All curves display a broad plateau near the minimum, similar to the original Hofer-
Randolph model results. The original work notes that there were wide ranges of thruster
powers where the system mass is within 5 to 10% of the minimum value depending on system

power, giving system designers a large design space in which to work. This feature appears
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with X3-like channel nesting.

in the NHT results as well.

Figure 3.4 plots the savings at mass minimum versus number of nested channels. We find
that the mass savings are nearly identical for N, = 2 and 3. This result seems odd because
Table 3.2 shows three-channel NHT's to have a lower specific mass than two-channel ones
with this type of nesting. However, these results can be explained by Figure 3.5. Here, the
thruster mass and cabling/XFS mass are plotted separately along with their sum. It can
be seen that the mass savings provided by the lighter thruster in the three-channel case are
almost exactly canceled out by the increase in cabling and XFS required by the additional
channel. This explains the heavier four- and five-channel systems as well: as shown in Table
3.2, thruster specific mass is nearly constant for N.,=3-5, so the additional cabling and XFS
cause these thruster systems to be heavier than the three-channel systems.

Next, we look at results for system powers from 500 kW to 1.25 MW. Figure 3.6 presents
the mass savings provided by nesting 2-5 channels with the X3-like technique. The trends

seen for the 1-MW case are present at all power levels studied. For this nesting technique
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and a 500 kW system, 2- and 3-channel thrusters provide approximately 5.5% savings, and
when system power is increased to 1.25 MW, mass savings increase to about 6.3%. One
outcome of these results that is relevant to the cost model is the fact that the NHT mass
minimum typically occurs at smaller number of active thrusters than for SHTs. This result
is demonstrated in the plot in Figure 3.6b. Here, it can be seen that NHTs optimize to
anywhere between 5 and 11 fewer thrusters than SHTs. The implications of this result on

system cost will be discussed below.

3.4.3.2 Variation with Number of Redundant Thrusters

The results of the original mass model showed that the mass-optimum number of thrusters
for a given system power grew as the number of redundant thrusters increased. This is to be
expected: for the extreme case of a single active thruster, a triple-fault-tolerance requirement
would require flying one active and three redundant thrusters. This would double the system
mass over the single-fault-tolerance (one active and one redundant thruster) case.

Our results showed similar trends, as presented in Figure 3.7 for a 1-MW system and up
to five redundant thrusters. These results demonstrate a decrease of mass savings with more
redundant thrusters. This is due to the fact that increased redundancy pushes the mass
minimum to lower power thrusters (and thus larger numbers of active thrusters, away from
the realm of NHTs). As N, increases from 1 to 3, the mass savings provided by the NHT
geometry decreases from 6% to 4%. However, the minimum for single-channel thrusters
shifts to higher numbers of active thrusters, occurring at 44 active thrusters for N,;, = 3.
This shift to more thrusters has an impact on the cost side of the model, as will be discussed

below.

3.4.3.3 Variation with Number of Active Channels

Complexity is a factor not captured explicitly by this model, yet complexity adds system risk

and thus cost potential due to failures or timeline delays. Though it is difficult to quantify
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Figure 3.7: The relative mass savings versus number of redundant thrusters for a 1-MW
system with 3 nested channels.

complexity or risk for the model, one way to explore this is to present the results not as
functions of the number of active thrusters but as functions of the number of active channels.
This will not fully address the issue, as the question of whether, for instance, a system of
five 1-channel thrusters is more complex (more thrusters to manufacture and mount; likely
a higher total part count; five cathodes) or less complex (lower power levels lend to easier
ground testing; larger thrusters are likely more difficult to manufacture and assemble) than
a 5-channel NHT is best answered only with specific thruster designs. However, it presents
the results in a unique way and further illustrates the benefits of the NHT configuration.
Results for a 1-MW mission are re-plotted in Figure 3.8 against the number of active
channels instead of the number of active thrusters. Two cases are plotted. First, to isolate
the NHT benefit, the relative system masses are plotted for zero redundant thrusters in
Figure 3.8-a. If number of channels is viewed as an approximation of system complexity,
it can be seen that for a given system complexity, the NHT configuration offers notable

mass savings, practically regardless of the number of channels being nested. Plotting in this
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illustrate the packing efficiency of the NHT geometry.
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manner removes the effects of the cabling and xenon flow system (because these items con-
tribute equally to equal numbers of channels) and isolates the thruster-based mass savings.
Ultimately the mass savings for a given number of active channels is driven by the value of
Ay, and for N, = 2 — 5 these values are very close together.

Next, the results are presented for one redundant thruster to provide a practical result,
as shown in Figure 3.8-b. Because each redundant thruster is equivalent to N., redundant
channels, NHTs (especially those with many channels) see a sharp increase in system mass
at very small numbers of channels. At large enough values of active channels, the redundant
channels no longer contribute significantly to total system mass, and the increased packing

efficiency offered by the NHT configuration becomes clear as in Figure 3.8-a.

3.4.4 Cost Model
3.4.4.1 Modifications to Capture NHT's

The cost portion of the original model splits the system cost into two portions: recurring
expenses (which occur for every thruster manufactured in the system) and non-recurring
expenses (which occur once for the entire system, regardless of the number of thrusters).
Recurring expenses include the cost of raw materials and manufacturing of all of the various
string components (thruster, gimbal, PPU, cabling, XFS). Non-recurring expenses include
the string development costs (such as the flight qualification of the thruster). In general, the
cost model is not focused on specific dollar amounts but is intended to provide rough-order-
of-magnitude comparisons between system configurations.

A major driver of the recurring expenses come from the PPU. For the same reasons
that the mass is not expected to change significantly, we do not expect the cost to vary
significantly between SHTs and NHTs. The manufacturing costs of a single NHT is likely
higher than a single-channel thruster of equal power. However, as demonstrated in the mass
portion above, a NHT will be lighter. The thruster mass is a good proxy for the cost of raw

materials, and as such, it can then be expected that the NHT geometry will offer a savings
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in raw material cost over single-channel thrusters. To the level of accuracy and specificity
of the model, these details are considered likely to balance each other. Finally, though the
costs involved with flight-qualifying a high-power thruster are likely quite high due to the
increased xenon throughput and thermal loading to the vacuum facility (causing increased
usage of liquid nitrogen in cryogenic pumps, for instance), there is no reason to expect these
costs to differ between a SHT and a NHT of the same power. The Hofer-Randolph cost
model already factors in these expenses when scaling to high power, and no change is thus
necessary for NHT's.

Due to the fact that the PPU and thruster costs are likely to not vary much between
a single-channel and multi-channel Hall thruster at a fixed thruster power level and that
flight-qualification costs will be the same per kW between SHTs and NHTs, no attempt is
made to modify the cost model here to account for NHTs. However, because the mass and
cost are coupled via launch costs, the cost model will produce different curves for NHT's than

for SHTs. The differences are explored below.

3.4.4.2 Cost Model Results

Example results from the cost model are presented in Figure 3.9 for a 1-MW mission with a
single redundant thruster. For clarity, we only present results for N,,=1 and 3. The location
of the mass minimum of each curve is denoted with a triangle. Just as was shown with the
original Hofer-Randolph model, these cost curves feature sharp increases on either side of
their minima, which are located at values less than 10 active thrusters. The savings in mass
provided by NHT's only contributes to a portion of the cost savings, which is represented by
the offset between the two lines. This comes from the fact that system mass is directly tied
to cost through launch costs; lighter systems are less expensive to launch into orbit, creating
the offset. The other contribution comes from the mass minimum shifting to fewer active
thrusters for NHTs. For the 1-MW example mission, the mass minimum shifts from 25

active 1-channel thrusters to 18 active 3-channel thrusters, and this contributes to a further
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Figure 3.9: Cost model results for a 1-MW mission with one redundant thruster. The
location of the mass minimum is indicated on each curve with a triangle.

decrease in system cost. In total, for the 1-MW mission, the mass-optimized 3-channel NHT
system offers cost savings of approximately 9% over the mass-optimized 1-channel thruster
system.

Next, we calculate the relative cost savings of a 3-channel NHT system as compared to
a 1-channel system for mission powers of 500 kW to 1.25 MW. The cost savings offered by
the NHT configuration are actually higher for smaller system power levels, even though the
relative mass savings are lower. This is due to the fact that at lower powers, NHT's shift the
mass minimum farther than for higher power systems, contributing to larger cost savings.
For X3-like channel scaling, potential system cost savings predicted by the model range from
9-13%. Savings of this magnitude have the potential of equaling several $10s of millions or

more.
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Figure 3.10: Relative cost savings of a 3-channel NHT system as compared to a 1-channel
system versus total system power.

3.4.5 Discussion of Results

Our results indicate that the impact on overall propulsion system mass provided by the
reduced thruster specific mass of an NHT geometry similar to the X3 NHT is small but not
negligible. This can be attributed to the fact that the thruster mass itself makes up less than
40% of the total system mass in the Hofer-Randolph model. Placing the potential impact
of thruster mass savings in the context of the entire propulsion system is important from
both a mission planning perspective and a thruster development perspective. A 3-channel
NHT nested like the X3 produces a thruster that is approximately 24% lighter than a SHT
of the same power level. Yet when compared to an optimized system of SHTs (for a 1-MW
system, 28 SHTs), the same 3-channel NHT only offers total propulsion system mass savings
on the order of 6%. The modest mass savings correspond to slightly higher savings in cost,
driven by the combination of the improved mass and the shift in mass-optimized number of
thrusters to a smaller value. X3-like nesting provides cost savings ranging from 9-13% for

3-channel thrusters at mass minimum.
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However, this X3-like nesting technique is not the only method to nest channels. Other
potential scaling options include constant-width channels and channel widths that scale at
constant w/d. The limiting case, where there are infinitely-thin magnetic pole pieces, is not a
physical thruster design solution but provides an upper bound of the available mass savings.

To explore these options, we calculate Ay, yyr for the following nesting techniques:

1. Constant w: For this example geometry, the innermost channel is designed using a

fixed w/d ratio, and the remaining channels are also w; wide:
Wi = wy (3.20)

This results in channels that are equally spaced with equal-sized magnetic pole pieces

between them.

2. Constant w/d: Here, each successive channel is wider at a constant ratio of w/d. This
scaling agrees with some literature on single-channel thrusters [170]. Here, the same
w/d value from above is used for all 5 thruster channels, which results in channels that

get successively farther apart:

Wi = (Y)di (3.21)

3. Infinitely Thin Pole Pieces: This is the limiting case where the entire thruster
face consists of exit area and there are, in essence, no distinct channels. It should be
noted that this is not realizable in practice, but provides an upper bound for the NHT

configuration.

The values of Ay, yur produced by these scaling methods are presented in Table 3.3.

In Figure 3.11 we compare the mass savings offered by these alternative nesting tech-
niques. These results match what would be expected from the values given in Table 3.2.
The Infinitely Thin Pole scaling provides the greatest mass savings because it provides the

lowest values of A, yur; the Constant w scaling provides minimal savings due to its modest
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Table 3.3: Values of Ay yur as calculated by Equation 3.18 for three alternative channel
nesting techniques. All are for 300 V operation at nominal Hall thruster current densities.

Ny, | Constant w  Constant w/d  Infinitely Thin Poles
1 2.425 2.425 2.425
2 2.160 1.828 1.676
3 2.110 1.692 1.440
4 2.100 1.652 1.329
5 2.101 1.639 1.266
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Figure 3.11: The relative mass savings provide by both 2-channel (solid line) and 3-channel
(dashed line) configurations for all four example NHT nesting techniques.
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Figure 3.12: Cost savings at mass minimum versus system power level for all four example
NHT nesting techniques.

decreases in Ay ygr. The curves also help to illustrate the effects of the asymptotic nature
of the Ay yur values: for the Constant w scaling, where Ay, yyr values for N, =3 =5 are all
approximately equal, the three-channel geometry actually provides smaller system masses
than the two-channel; for the Constant w/d method, where the values of A, yuyr have not
plateaued fully even at N, = 5, the three-channel geometry still offers mass savings in excess
of 1.5% over the two-channel.

These mass savings correspond to cost savings in the same manner as for X3-like nesting.
Cost model results are presented in Figure 3.12. All of these nesting techniques display
similar behavior: maxima at 500 kW system power and a slight drop in cost savings as
system power increases. These results indicate that cost savings in excess of 12% may be
possible with alternative channel nesting techniques, which could translate to savings of
many tens of millions of dollars.

Though system mass savings of 6% are much less than what the early NHT work implied

may be possible, these savings still have the potential for important mission impact. A 6%
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savings in mass for a 1-MW mission corresponds to approximately 800 kg. This mass can
either be left off, thus realizing the full drop in system cost predicted by the model, or re-
purposed for more supplies or scientific instruments at the same launch cost. And because
the cost savings associated with NHTs come from both launch costs and the shift to fewer
thrusters, even if the mass savings is re-allocated to supplies or instruments, NHTs still
provide a cost savings to the mission. This provides designers with increased flexibility as

the full mission is being developed.

3.4.6 Other NHT Benefits

There are a number of features of NHTs that are not explicitly captured in this model, fea-
tures whose addition would allow model users further insight when designing the propulsion
string [82,90]. One is the partial redundancy offered in NHTSs: certain failure states may
remove a single channel from operation, not the entire thruster, and a NHT with a wide
throttling range such as the X3 would likely be able to throttle to a different condition to
make up for the missing channel. Because the existing model only looks at redundancy
from a string perspective, adding this feature with limited data on the types and relative
frequencies of failure states seen on orbit would be difficult to do. However, as EP systems
continue to proceed through flight qualification to flight, more of this information will be-
come available. There is also footprint/area savings offered by NHTs over systems of many
single-channel thrusters, a feature that would have an impact on spacecraft design. Addi-
tionally, further refinements to the cost model will be possible as more development work is
done for NHTs and for high-power Hall thruster systems in general. These additional data
may reveal scaling that differs from that proposed by the original work that may change the

conclusions regarding propulsion string design.
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3.5 Summary

The purpose of this chapter was to demonstrate the pressing need for a 100-kW class, 60%
efficient, 2000-3500-second specific impulse electric propulsion device. The wide variety of
applications for this device detailed in the literature make this point clear. Such a device
can be used for cargo or crew transport to a wide variety of scientifically interesting and
economically beneficial bodies, including near-Earth asteroids and Mars. By updating a
mass and cost model to incorporate NHTs, we demonstrated that there are benefits on the
order of 10% for both metrics by using NHTs like the X3 in place of single-channel Hall
thrusters for high-power missions. There are also other factors, including the increased
throttling range of a NHT over a SHT, that are not captured in the model but that may
provide increased mission benefits. This is not to say that the only answer for affordable
mission architectures for Mars exploration or near-Earth asteroids is the X3, or even a Hall
thruster. However, based on the current state of electric propulsion technology, this path

certainly provides benefits with respect to cost, mass, and overall effectiveness.
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CHAPTER 4

Experimental Apparatus and Analysis

“In the name of the cathode, the anode, and the holy grid?”

— Gravity’s Rainbow by Thomas Pynchon [171]

“Nevertheless, the logistical requirements for a large, elaborate expedition to Mars
are no greater than those for a minor military operation extending over a limited
theater of war.”

— Werner Von Braun [134]

4.1 Introduction

The characterization of the X3 took place in multiple state of the art vacuum facilities and
utilized a number of thruster and plasma diagnostics. This chapter provides information
about the various pieces of test equipment used during this work. It also details the data
analysis techniques used. In Section 4.2, we describe the configuration of the X3 as it was
tested here, including the electrical and propellant details and the hollow cathode used.
Section 4.3 describes the test setup at the University of Michigan’s Plasmadynamics and
Electric Propulsion Laboratory, where the low-power characterization of the X3 took place.
Following that, Section 4.4 details the equipment used during high-power testing at NASA
Glenn Research Center, including a description of the various plasma diagnostics and data

analysis techniques. Example data from each diagnostic and a description of error analysis
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are also provided. Section 4.5 describes the X3-dedicated thrust stand that was originally
developed at UM, versions of which are now at both UM and GRC. Finally, Sections 4.6
and 4.7 detail the test setup for magnetic field and propellant uniformity mapping of the

X3, respectively.

4.2 The X3 Nested Hall Thruster

The X3 is a 100-kW class, three-channel NHT. The design and history of the thruster is
provided above in Chapter 2. Below, we provide details of the operational configuration
of the X3 during the testing described here. This includes a description of the power and

propellant configuration as well as a description of the cathodes used during testing.

4.2.1 Laboratory Operation

The three channels of the X3 are operated off of three separate laboratory power supplies.
However, the X3 has always been operated with all channels firing at the same anode poten-
tial. A small amount of mixed-voltage operation was done with the X2 [1], but those tests
provided no results to suggest that this was beneficial, so it has not been pursued with the
X3. The X3 is capable of mixed-voltage operation should further investigation be desired.
The anode potential was always set manually (i.e., no circuitry or autonomous control was
used to ensure matched potentials), so channels were typically within 2 V of each other.

Because the thruster runs off of a single centrally-mounted cathode, the three discharge
channels all share a cathode return line (the negative side of the discharge circuit). Each of
the six electromagnets, the cathode keeper, and the cathode heater all operate off of separate
laboratory power supplies as well. A notional electrical schematic of thruster operation is
shown in Figure 4.1.

A simplified schematic of the propellant feed setup is presented in Figure 4.2. Xenon

propellant is fed to each channel and the cathode through individual 0.25-inch stainless steel
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Figure 4.1: A notional electrical schematic for laboratory operation of the X3.
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Figure 4.2: A simplified schematic of the propellant feed setup for the X3. Each of the five
lines is plumbed from a single bottle of xenon kept on the atmosphere side of the test setup
and is controlled by a separate mass flow controller (MFC). The stainless steel lines are
isolated from the thruster discharge by lengths of Viton in each line located at the thruster.

lines from the single xenon bottle (kept on the atmosphere side of the setup), through a
flow control manifold, and into the chamber. The lines are routed through the thrust stand
(omitted from the schematic for clarity) and electrically isolated from the thruster discharge
via lengths of Viton tubing located immediately upstream of the thruster. This setup was
identical between the UM and GRC setups described below except for the exact mass flow

controllers used.

4.2.2 Hollow Cathodes

Both GRC and JPL built high-current hollow cathodes for the X3. The GRC cathode

is based on the barium oxide (BaO) emitter technology being developed there [172,173],
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whereas the JPL cathode is derived from a lineage of lanthanum-hexaboride (LaBg) emitter
design from that center [97]. The JPL cathode features neutral gas injectors at its tip to help
reduce energetic ion bombardment of the cathode (thus extending cathode lifetime) [174].

We used the JPL cathode (Figure 4.3) throughout this work. The cathode went through
a number of small design iterations but remained fundamentally the same in geometry and
operation. We set the cathode flow for X3 operation as a fixed percentage of total anode
flow rate, following typical Hall thruster procedures [100]. However, unlike traditional hollow
cathodes, the JPL cathode features the aforementioned external injectors. Thus, the total
cathode flow fraction (TCFF) for this cathode is split between the cathode center and the
injectors:

mc,, m. + m,»nj

TCFF = — = (4.1)

Mo, Mag + gy + a0

For thrusters without downstream injectors on the cathode (i.e., most Hall thrusters),
TCFF — CFF (the traditional “cathode flow fraction”), so for simplicity we use TCFF
as the nomenclature throughout this work when referring to the cathode flow fraction of any
thruster.

Work at JPL has identified 16 sccm as the optimized flow rate for the cathode center
(), so any remaining flow of the TCFF is sent through the external injectors [97, 174].
The TCFF varied from 10% in initial work (following the precedent of the X2 and early
testing with the X3) to 7% in later low-power testing and the high-power characterization
at GRC. Additionally, as described in Appendix A, at one operating condition we swept the
TCFF from 7% to 3% in 1% steps and characterized the thruster performance and plume
properties at each step. The thruster demonstrated stable operation and performance that
was relatively unchanged from the 7% case. However, as detailed in the Appendix, further

work is needed to fully study this low-TCFF operation.
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Figure 4.3: The JPL-designed high-current LaBg hollow cathode used during this work. The
tubes at the 3 and 9 o’clock positions near the exit orifice of the cathode are the external
gas injectors.

4.3 Testing at PEPL

This section describes the infrastructure and setup for testing that took place in the Univer-
sity of Michigan’s Large Vacuum Test Facility at the Plasmadynamics and Electric Propul-

sion Laboratory.

4.3.1 The Large Vacuum Test Facility

The Large Vacuum Test Facility (LVTF) is a 9 meter long, 6 meter diameter stainless-
steel-clad cylindrical vacuum chamber. The chamber was evacuated to rough vacuum (100-
mTorr range) using four 400-cfm mechanical pumps backed by two 2000-cfm mechanical
blowers. Seven CVI TM-1200 re-entrant cryopumps were then used to bring the chamber
down to a base pressure on the order of 1077 Torr. The cryopumps featured liquid-nitrogen-
cooled shrouds and liquid-helium-cooled cold heads that operated between 13-20 K. In this
configuration (without additional pump thermal shields as described below), the chamber
had a pumping speed of approximately 240,000 1/s on xenon.

This testing occurred over a number of years during which the exact configuration of the

LVTF testing apparatus changed slightly. These different configurations will be denoted as
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Configuration 1 and Configuration 2 and are detailed below. Differences include changes to

the waterfall setup, the pressure measurement setup, and the cryopump protection scheme.

4.3.1.1 LVTF Configuration 1

LVTF Configuration 1 was mostly similar to the setup used during Florenz’s work with a
few key differences [4]. In an attempt to protect the cryopumps from radiant heat from the
thruster and plasma plume, we hung mylar blankets over the front face of the cryopumps.
These blankets limited cryopump crashing (a phenomenon that plagued the first firing of
the X3 in the LVTF, in which the cryopumps will begin very rapidly warming, then shed
their gas loads, causing a surge in chamber pressure) at the expense of chamber pumping
speed: the blankets caused the chamber pressure at similar conditions to increase over those
achieved during the first firing of the thruster by a factor of approximately 2.5.

Pressure in the LVTF was measured in Configuration 1 using Bayard-Alpert hot-cathode
ionization gauges mounted in various locations both on the wall of the LVTF and internal to
the chamber near the thruster. The internal gauge was a Varian 563 model, mounted with
the entrance pointed downstream and in the thruster exit plane. The gauge was located
approximately 20 cm outside the outer diameter of the thruster. All gauges used in Configu-
ration 1 were calibrated on nitrogen and were thus corrected for xenon using the traditional
technique described by Dushman [175].

Thruster telemetry was output from the breakout box as described by Florenz [4]. That
telemetry, and the suite of thermocouples mounted to the X3, were read by a pair of Agilent
34970A data loggers and recorded by a computer running Agilent Benchlink software. We
measured thruster discharge current in Configuration 1 using magnetoresistive sensors sized
for the expected current of each channel. These were placed in-line with the discharge circuit

downstream of the filter capacitors.
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4.3.1.2 LVTF Configuration 2

We made a series of small setup upgrades after testing in Configuration 1 was completed.
A new dedicated aluminum-extrusion table was designed and fabricated for the LVTF. This
table consisted of modular pieces to allow for modification of the height of the thruster
mounting surface, depending on the size of the thruster being fired. With the table in its
shortest configuration and the second-generation HMT stand installed, the centerline of the
X3 coincided with the centerline of the LVTF. This is an improvement over Configuration
1, where the centerline of the X3 was approximately 1 m below the centerline of the LVTEF.

We redesigned the mylar shielding of the cryopumps for increased robustness in Config-
uration 2. Instead of being loosely hung in front of the pumps as in Configuration 1, a setup
that would often be disrupted during chamber venting, aluminum frames were designed and
manufactured. The mylar blankets were mounted to these frames, which then were affixed
to the liquid nitrogen shrouds of the cryopumps.

Initially, only six shields were deployed, with the pump at the top of the LVTF not
receiving a shield due to the difficult nature of reaching it and mounting a shield. However,
during the initial bakeout of the X3, the unshielded pump ran approximately 4 K hotter than
the other six pumps (which were within 1 K of each other) before crashing approximately
3 hours into operation of the outer channel at 16 kW discharge power. We subsequently
vented the chamber and installed a shield on this pump. Afterward, it behaved comparably
to the others, indicating the effectiveness of the shields.

However, as with the shield implementation in Configuration 1, these gains in pump
operating temperature were at the expense of pumping speed, due to the reduction in open
area fraction on the pumps. The effect on pumping speed was calculated during the testing
that occurred in Configuration 2. We achieved an average effective pumping speed of ap-
proximately 165,000 L/s on xenon with these shields in place, a decrease of approximately
35% over the un-shielded pumping speed of the LVTF. A new pressure gauge was installed in

the LVTF in Configuration 2; matching with what other electric propulsion facilities in the
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country have implemented, an MKS Stabil ion gauge was purchased and installed [111,176].
The gauge was placed in approximately the same location as the Varian 563 in Configuration
1. The new gauge was calibrated on nitrogen, so its measurements were corrected for xenon
in the same manner as described above for Configuration 1.

A new data acquisition system was implemented in Configuration 2. The system was a
National Instruments PXIe-1078 chassis with one PXIe-8840 embedded controller; one TB-
4300B high-voltage, 30:1 attenuation card; two PXIe-4353 thermocouple cards; one PXI-6225
multifunction DAQ card; one PXI-6722 8-channel analog output card; and one PXI-8430/16
RS-232 communication card. This system was only capable of reading voltages up to + 10 V.
As such, modifications to the breakout box were necessary to reduce all telemetry voltages
to acceptable levels for the PXI system.

Voltage dividers were added to the discharge, heater, keeper, and electromagnet voltage
sense lines. The currents of the electromagnets, heater, and keeper were measured using
Deltec precision shunt resistors, which caused these sense lines to have a high common-mode
voltage. To properly condition these for the PXI system, Analog Devices AD202KN isolation
amplifiers were added to these sense lines to both filter out the common-mode voltage and
amplify the voltage drop across the shunt resistor. The isolation amplifiers were mounted
on custom-designed printed circuit boards.

Additionally, the method of measuring discharge current was modified in Configuration
2. The magnetoresistive sensors were removed from the thruster telemetry setup due to their
susceptibility to damage during thruster transient events. In their place, we used precision
shunt resistors (like those used for the electromagnets, heater, and keeper but sized for the
expected current of each line) on the high side of each discharge power line, upstream of the
filter capacitors. The signal from each of these resistors passed through an isolation amplifier
designed to amplify the voltage drop across the resistor to a maximum of 2 V with respect to

ground. All of these modifications were housed inside the existing breakout box structure.
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4.3.2 Other Test Apparatus

A number of pieces of equipment at PEPL were unchanged between LVTF Configurations,
including the propellant manifold, the power apparatus, and the discharge current oscillation
measurement technique. We detail these here.

We provided electric-propulsion grade xenon to the X3 using five electro-polished stainless
steel lines. The flow for each of the five thruster channels (Inner, Middle, and Outer anodes,
cathode center, and cathode external injectors) was prescribed by a separate Alicat-brand
MFCs. In both LVTF configurations, a 400-sccm controller was used for the Inner channel,
an 800-sccm controller for the Middle channel, a 3000-sccm controller for the Outer channel,
a b0-sccm controller for the cathode center flow, and a 1000-sccm controller for the cathode
external injectors. These flow controllers were used in a manifold like what is described
in Figure 4.2 above and were calibrated in situ using a Bios Definer 220L. Dry-Cal system,
which had an accuracy of 1%. Before and after each experiment, each MFC was calibrated
at a number of flow rates and a linear fit was created to calculate the xenon flow rate at any
given set point.

We ran the X3 from three separate laboratory discharge power supplies: a 60-kW sup-
ply for the Inner channel, a 100-kW supply for the Middle channel, and a 150-kW supply
for the Outer channel. Each supply was connected to two 160-uF capacitors in series to
filter the plasma oscillations from the discharge supplies. The common for all three dis-
charge supplies was shared with the single centrally-mounted cathode. Power to the six elec-
tromagnets and the cathode heater and keeper was provided using commercially-available
rack-mounted power supplies. We non-invasively monitored discharge current oscillations us-
ing three commercially-available current sensors each attached to a commercially-available

amplifier. AC-coupled discharge current was measured with precision down to 5 mA.
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4.4 Testing at NASA GRC

We performed the high-power characterization of the X3 in Vacuum Facility 5 (VF5) at
NASA Glenn Research Center (GRC) in Cleveland, OH. This section describes the testing

apparatus used there.

4.4.1 Vacuum Facility 5

Vacuum Facility 5 is a 4.6 m diameter, 18.3 m long cylindrical vacuum chamber that features
33 m? of cryogenic pump surfaces, providing a pumping speed of 700,000 L/s on xenon. The
facility walls and cryogenic panels are lined with graphite plates to minimize backsputter
during thruster operation. Pressure inside the facility was monitored using four MKS Stabil
Ion Gauges mounted in various locations. The pressures reported here are from the gauge
mounted in the exit plane of the thruster approximately 1.5 meters from thruster centerline,
pointed downstream. This gauge was calibrated on xenon and was corrected for orientation
using techniques by Yim [177]. Facility base pressures were typically on the order of 1x1077
Torr during the GRC test campaign. Orientation-corrected background pressures while firing
the thruster ranged from 4.3x107° to 4.2x10~> Torr.

A new thruster support cart was designed specifically for the NextSTEP program. The
cart rolls into VF5 through the endcap along the rail system inside the chamber and sits in
front of the existing thruster testing location typically used for smaller thrusters such as the
HERMeS thruster [67,178,179]. A schematic of the location of the X3 inside VF5, as well
as the location of the plasma diagnostics package, is shown in Figure 4.4, and a photograph

of the X3 NHT installed in VF-5 is shown in Figure 4.5.

4.4.2 Propellant

Electric propulsion-grade xenon propellant was provided to the thruster via five electropol-

ished stainless steel feed lines. Each line featured a precision flow controller to prescribe the
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Figure 4.4: A schematic showing the location of the X3 as well as diagnostic equipment
inside VF5. Schematic is not to scale.
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Figure 4.5: The X3 NHT installed inside VF5 at NASA GRC. Photo courtesy NASA.
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xenon: a H00-sccm controller for the inner channel, a 1000-sccm controller for the middle
channel, a 2000-sccm controller for the outer channel, a 200-sccm controller for the cath-
ode, and a 200-sccm controller for the cathode external injectors. The plumbing matched
the setup used during both configurations of LVTF testing as shown schematically above
in Figure 4.2. The controllers were calibrated using a dry-cal system before and after the

experiment in a similar fashion as the LVTF controllers described above.

4.4.3 Power

We operated the thruster off of a set of laboratory power supplies, which included six separate
supplies for the electromagnets, a cathode heater supply, and a cathode keeper supply as
described above. Each of the three channels was operated from a separate high-voltage, high-
current power supply. The inner was operated using a set of three 1000 V, 15 A supplies that
were connected in a master /slave configuration, the middle was operated using a 2000 V, 100
A supply, and the outer channel was operated using a 1000 V, 150 A supply. Additionally,
during a small subset of operation, all three anodes were operated with the 150-A power
supply. Each discharge channel featured a 100 uF capacitor across the anode and cathode
lines. These capacitors helped protect the power supplies from the thruster and allowed the

thruster to experience high-current transients without extinguishing.

4.4.4 Telemetry

We measured thruster telemetry in a new breakout box developed at GRC for the NextSTEP
program that leverages recent work done for HERMeS thruster development. This breakout
box contained precision shunts, voltage dividers, and isolation amplifiers that allowed us to
measure discharge, magnet, and cathode telemetry. This telemetry was collected by an Agi-
lent data logger controlled by LabView. Telemetry was recorded at a rate of approximately
0.3 Hz. In addition to the low-speed measurements taken in the breakout box, high-speed

measurements of the discharge currents were taken using a set of Tektronix TCP0150 current
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guns read by two Tektronix DPO4034B oscilloscopes. The discharge current oscillations were
characterized using peak to peak (P2P) and root mean square (RMS) values that were cal-
culated by the oscilloscopes and read by the Agilent data logger. Additionally, synchronized
with acquisition of high-speed video as described below, we collected high-speed measure-
ments of the discharge current of each channel, which were used for power spectral density

analysis of the dominant oscillation frequencies.

4.4.5 Plasma Plume Diagnostics

We used a stationary far-field plasma diagnostics package to evaluate basic plasma plume
properties of the X3. The plasma diagnostics package used here was provided by UM but
relied on GRC diagnostic infrastructure and was operated similar to previous GRC plasma
diagnostic work [108,180]. The package was positioned 8.7 meters from the exit plane of the
thruster, near the beam dump of VF5. In an effort to limit setup complexity and possible
failure modes, the diagnostics package was fixed to the chamber floor instead of mounted
to motion stages. Figure 4.6 shows an annotated photograph of the probe array indicating
the location of each diagnostic. Below is a description of each of the probes and the data
reduction techniques we used to process the results. These techniques generally follow those

described by Huang [108,181], as do the uncertainty analyses.

4.4.5.1 Retarding Potential Analyzer

We used a retarding potential analyzer (RPA) to measure the ion energy distribution function
of the plume ions. The RPA is a plasma diagnostic that uses a series of biased and swept
grids to selectively collect ions of a certain energy [182]. The RPA used in this experiment
is an Air Force Research Laboratory design [108] that features four grids and a collector: a
floating grid at the entrance, an electron repelling grid that was biased to 30 V below ground,
the ion selector grid that is swept from 0 V to twice the thruster discharge voltage, and the

secondary electron emission repression grid that was also biased to 30 V below ground. The
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Figure 4.6: A photograph of the far-field plasma diagnostic array mounted in VF5. The
location of each diagnostic is indicated.
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Figure 4.7: Diagrams of the RPA: (a) the side view and (b) the front view.

RPA was located approximately on thruster centerline. We biased the ion selector grid
with a Keithley 2410 sourcemeter and measured the collected current with a Keithley 6485
picoammeter. The RPA had an opening of 6.45 cm?, but in an effort to minimize the plasma
entering the probe at higher power conditions, this opening was reduced to 0.065 cm? using
a grafoil shield. The acceptance angle of the RPA in this configuration was still large enough
that the entire thruster was visible to the probe. Figure 4.7 shows a diagram of the RPA.

We performed data reduction of the RPA traces similar to what was described by Huang
[108]. First, we smoothed the raw traces using the Savitzky-Golay method [183], then took a
numerical derivative of the collected current /. with respect to ion selector grid bias V,. The
negative of this derivative (—-dlI./dV,) is proportional to the ion energy distribution function
(IEDF) if one can assume a single ion species [182]. For calculation of the thruster voltage
utilization efficiency, the RPA is used to calculate the ion energy per charge. Traditionally,
most probable voltage is used as a proxy for average ion energy per charge [1,106]. Most
probable voltage V,,, is defined as the voltage at which —dI../dV), is maximum (i.e., the peak
of the IEDF).

However, the average voltage V,, is a better representation of the average ion energy
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per charge. Average voltage and most probable voltage are not expected to be the same
for an TEDF that is skewed (i.e., non-Maxwellian), and Hall thruster IEDFs often display
varying levels of skew [184]. The reason that V,,, is so often used in place of V,,, is that the
calculation of V,,, is significantly less susceptible to noise in the traces (e.g., due to thruster
oscillations) or noise-floor issues. Noise is often prevalent in raw traces and magnified by
taking the numerical derivative of these data, often to the point of corrupting a calculation
of V,,. Huang proposed using a “50% threshold averaging” technique to overcome this
impediment [108]. Using this technique, only the portion of —dlI,,;/dV, that is greater than
50% of the peak value is used in calculating V,,. This removes the noisiest portions of
—dl./dV, from the calculation while retaining a majority of the area under the curve.

Following these recommendations, we calculated both V,,, (by locating the peak of
—dI./dV),) and V,,, (by using the 50% threshold averaging technique). Early analysis showed
that results (in particular values for V,,,) were dependent on the choice of smoothing win-
dow size for noisier traces, sometimes varying in magnitude by 5-10 V. To characterize this
uncertainty, both V,,, and V,,, for all traces were calculated across a range of smoothing win-
dows. The mean of these values were taken as the values of V,,, and V,,, for that condition.
This analysis showed that most traces (those without excessive noise) had a V,,, standard
deviation of 1-3 V and a V,, standard deviation of less than 1 V, demonstrating the 50%
threshold averaging technique’s avoidance of noise issues. For the noisier conditions, the
standard deviation of V,,, across the range of smoothing windows could be as high as 9-12
V, whereas the maximum standard deviation of V,,, was approximately 5 V. Because of its
smaller standard deviation across all conditions and its increased physical relevance, we used
Ve for calculating the voltage utilization efficiency.

The bias applied to the ion selection grid in the RPA was with respect to ground. How-
ever, the voltage through which ions are accelerated out of the thruster is with respect to

the far-field plasma potential. Thus, the V,,, value was corrected by:
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Figure 4.8: Example RPA data, here for the X3 firing at 80 kW (400 V, 200 A): (a) a raw
trace and (b) the resulting negative derivative. The negative numerical derivative plot also
shows V,,, as identified by the analysis script and the 50% threshold cutoff for calculating
Vavg-

Vo= Vavg - Vp7 (42)

where V, is the acceleration voltage and V), is the plasma potential, which was measured
using the Langmuir probe described below. We then used acceleration voltage V, to calculate
voltage utilization efficiency as defined in Equation 2.14.

Example probe data from the X3 are shown in Figure 4.8. The raw trace (in red on the
left) shows the typical shape of RPA traces in Hall thruster plumes [108]. From this, the nu-
merical derivative (in black on the right) shows a strong, clear peak, which the algorithm has
identified as V,,, as indicated. The blue line indicates the 50% threshold used for calculating
Vavg-

We found an average uncertainty on V,, of £1.04 V for our analysis technique. The

maximum uncertainty, for a particularly noisy trace, was +5.2 V, and the minimum was
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+0.4 V. An average uncertainty of +£1.04 V corresponds to an average uncertainty in n, of
+0.003 at 300 V discharge voltage and +0.002 at 500 V. These uncertainties combine with
those from the Langmuir probe analysis to provide the full uncertainty of n,.

The RPA sweeps took approximately 1 minute to complete, meaning that the results
here are time-averaged. The aforementioned thruster oscillations have been shown to move
the acceleration region of the thruster and affect the instantaneous ion population at speeds
on the order of kilohertz [185-187]. These oscillations are not captured by the RPA swept in
this manner, and the results provide the average ion behavior. Time-resolved laser induced
fluorescence is one technique that can provide insight into the changes in the ion population
over the course of a single discharge oscillation [188] and is a technique that would be of

great interest for future experiments on the X3, as discussed in Chapter 9.

4.4.5.2 Langmuir Probe

As described above, the RPA takes its measurements with respect to facility ground, yet
the relevant reference voltage for electric propulsion devices is plasma potential. Thus, we
used a Langmuir probe (LP) [189] to measure the plasma potential near the RPA and thus
correct the RPA measurements. The LP was a circular planar probe featuring a 3.03 cm?
molybdenum collector area, which was positioned perpendicular to the beam direction. The
LP was swept at 10 Hz from -20 V to + 20 V relative to facility ground in a triangle
wave using a function generator driving a bipolar power supply. The collected current was
measured using a AD210BN isolation amplifier reading the voltage drop across a 100-ohm
resistor. The voltage from this isolation amplifier, as well as the voltage applied to the probe,
was measured using a National Instruments cDAQ-9178. Figure 4.9 shows a diagram of the
Langmuir probe geometry. For simplicity, we used a spare Faraday probe back plate and
collector to create the Langmuir used in this test. We used Ceramabond 671 alumina paste
around the edges of the collector to limit the exposed electrode area to the circular face.

We performed data reduction using traditional LP theory [46,182,189]. The analysis was
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Figure 4.9: Diagrams of the Langmuir probe: (a) the side view and (b) the front view.

concerned chiefly with the plasma potential for RPA correction, though floating potential
and electron temperature were calculated from the traces as well. Raw traces consisted of
ten individual traces (five sweeps up in voltage and five sweeps down over 1 second of data
collection at 5 Hz sweep rate). These traces were combined together using a bin-and-average
technique with bin sizes of 0.5 V. First, the floating potential was identified. The floating

potential is defined as the probe bias at which the electrode is drawing no current:

V,=V,d, =0), (4.3)

where V; is the floating potential, V, is the probe bias, and I, is the current collected by the
probe. The ion saturation current was next subtracted off the trace. To do so, a least-squares
linear fit was applied to the V,, < V; portion of the trace. This fit is subtracted from the
traces to isolate the electron current I,. We then took the numerical derivative of I, with
respect to probe bias voltage. The location of the maximum of this derivative is defined as

the plasma potential:
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dl,
V,=V, (maxw) , (4.4)

dl,

v is the numerical derivative of the electron current

where V), is the plasma potential and
with respect to probe bias voltage. To calculate the electron temperature, we determined
the least-squares linear slope of the natural logarithm of electron current with respect to
probe bias in the linear region between V; and V,. The inverse of this slope is the electron

temperature:

-1
T, = (dgléje) ) : (4.5)
The electron temperature does not factor into any thruster efficiency calculations or analysis
and was calculated simply for reference.

During LP data reduction we found that the traces displayed varying levels of non-
Maxwellian behavior. Figure 4.10 shows an example trace with this behavior. The first
derivative of the electron current showed a strong, clear maximum, but this maximum of-
ten occurred at a V), lower than the more obvious knee on the trace. This effect seemed
to become more exaggerated at higher power conditions. The LP was oriented normal to
the beam as described in the electric propulsion best practices guide [189]. However, this
behavior matches what Lobbia describes as the effects of a mis-aligned probe with respect
to the beam. To varying degree, a linear region appears in the traces between the maximum
of ;% and the visible knee in the I, vs. V,, trace. The literature shows that this is an effect
often seen in streaming plasmas [190,191]. We attempted a number of alternative V, iden-
tification techniques, including performing two- and three-line least-squares fits on In /1, and
performing a geometrical technique to identify the visible knee. However, these techniques
either continued to identify a V, below the visible knee (both line fitting techniques) or to
overshoot (geometrical technique). Ultimately, we elected to use the V), identified by the

first derivative technique, which was seen as the most reliable technique across the entire
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Figure 4.10: Example LP data, showing the non-Maxwellian, streaming-plasma behavior.
The plasma potential V, is identified using the clear maximum in the derivative trace (right),
but this point is noticeably below the visible knee on the probe characteristic.

data set and provides a Maxwellian plasma potential value. At most, the variation across
the techniques was 4 volts, and was typically closer to 1-2 volts. For the calculation of n,,
this equates to uncertainty on the order of + 0.01.

Due to the binning process in the LP data analysis method, the uncertainty in V, was +
0.5 V at all conditions. This uncertainty contributed an additional +£0.002 at 300 V discharge
voltage and +0.001 at 500 V to the uncertainty of n,. This brings the total to +0.015 at 300

V and +0.013 at 500 V.

4.4.5.3 Fixed Faraday Probes

In an effort to characterize thruster beam symmetry without translating probes through the
thruster plume, we mounted four identical Faraday probes of the GRC design [108] at a fixed
radius from thruster centerline on the diagnostics arm. These fixed Faraday probes (FFPs)

featured a 1.74 cm-diameter molybdenum collector and a molybdenum guard ring with an
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Figure 4.11: Diagrams of the fixed Faraday probe.

outer diameter of 2.38 cm. The guard ring and collector were separated by a 0.05 cm gap.
We biased both the collector and guard ring of each FFP to 30 V below facility ground
to ensure the probes were in ion saturation. The collected current was measured using a
circuit similar to the LP circuit: it was measured using the voltage drop across a 100-ohm
resistor, which was read by an AD210BN isolation amplifier into the National Instruments
cDAQ-9178. At each test condition, the current collected by each FFP was measured for 1
second at 2000 Hz. Figure 4.11 shows a diagram of the FFP geometry.

FFP data reduction was straightforward. At each test condition, we took the collected
current for a given FFP (I.) to be the mean value of its trace. These collected current values

were converted to current densities:

I c,i

A probe

JFFPi =

: (4.6)

where jppp; is the current density at probe i, I..; is the collected current for probe i, and Ao

is the area of the probe collector, taken to be 3.03 cm? for all probes. These current density
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Figure 4.12: A diagram of the Wien Filter Spectrometer.

values were then compared to quantify the variation in beam current density at the beam
radius where the probes were located. Uncertainty of the FFP data was taken to be 1% based
on the uncertainties of the measurement circuit and the collector area. Other factors such
as charge-exchange and secondary-electron effects discussed by Huang in Reference [181] do
not affect these measurements because they happen to all probes equally and we are only
comparing results between probes at a given condition. These factors only become important

when full beam profiles are being measured.

4.4.5.4 Wien Filter Spectrometer

A Wien Filter Spectrometer (WFS) or ExB probe was used to characterize the species
fractions of the first four charge states of xenon in the plume. The WFS used was a PEPL
probe based on a GRC design and has been used in numerous test campaigns [1,72,119].
The WFS features a fixed magnetic field provided by permanent magnets crossed with a
variable electric field provided by bias plates. By sweeping the voltage applied to the bias
plates, ions can be collected or rejected based on their charge state. We aligned the WFS
with the Middle channel of the X3. Figure 4.12 presents a schematic of the WFS design.
WFS data were reduced using a technique similar to that described by Huang [108].

We fit a curve to each of the four detectable peaks (corresponding to Xe*, Xe?*, Xe*, and
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Xe*) and used those curve fits to calculate current and species fractions for each ion charge
state. The X3 WF'S traces often (but not always) showed significant peak overlap similar to
what Huang found with the NASA-300MS thruster. That study found that a skew-normal
distribution provided the best fits and most consistent results for both conditions with and
without strong peak overlap, and because of these results we selected it for the X3 data
analysis. The skew-normal distribution is a Gaussian fit with an additional fit parameter
controlling skewness. For Gaussian curves, this parameter falls to zero and the fit is Gaussian.

The skew-normal distribution is of the form:

(x —c¢)? d-(x=¢)
,ﬁ(X) =a-exp |:- 22 ] . {1 +erf[—ﬁ]}, (47)

where f; (x) is the fit result for species i, a, b, ¢, and d are fit parameters, x is the independent

variable (here, x is the probe plate bias V), and erf indicates the error function.
The current collected by the WFS for a given charge state i as a function of bias applied

to the plates (V) is proportional to:

1.; (V) o< V- fi (V). (4.8)

For the purposes of calculating species fractions, current fractions and charge utilization
efficiency, this proportionality is all that is necessary.

We fit a skew-normal distribution to each of the four peaks in order of increasing charge
(Xe*, then Xe?*, etc.). A least-squares fitting technique provided the fit, which we then
subtracted from the trace to isolate the next highest peak, a step that was crucial for the
traces with significant peak overlap. The curve fit for a given peak was limited to a lower
bound of 0.667 of the peak location and an upper limit halfway between the peak location
and the location of the next highest peak. For the Xe* peak, the upper bound was set to
be the theoretical location of the Xe’* peak (which was never resolvable in any X3 traces

and is not typically seen in Hall thruster plume spectra).
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We performed numerical integration of the curve fits to calculate the area under the
curve for each fit. These areas were used in calculating current and species fraction for each

species. Current fraction was calculated by:

2
2l 3, mZ,

(4.9)

where Q; is the current fraction for species i, I is the current for a given species (calculated as
the area under the curve for the peak of that species multiplied by a set of physical constants
that can be seen to drop out of the calculation [181]), n is the density of a given species,
Z is the charge of a given species, and the sums over k are summed over the total number
of species present (always equal to 4 here). As noted in Huang’s derivation in [181], the
physical constants contained within I are equivalent across the peaks of a single propellant,
and as such Q; can be calculated as the ratio of the area under the curve fit of species i to

the summed areas for all species k. Similarly, species fraction calculation followed, using:

n /7"
Stk Y, /7

Gi (4.10)

where (; is the species fraction of species i.

The spectra from the WES are significantly influenced by charge exchange (CEX) colli-
sions [46, 192] between facility background neutral particles and the beam ions [105]. The
beam is attenuated by CEX collisions, which deplete high-energy ions by converting them

to fast neutrals via reactions such as:

Xe}—'ast + Xeslow - Xefast + X€+ (411)

slow*

The issue is complicated by the fact that CEX collisions attenuate different charge states at
different rates due to differences in collisional cross section. Thus, CEX collisions not only
attenuate the current collected by the WFS, they actually alter the profile of the spectra

through differential attenuation.
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Shastry’s work showed that these effects increase with increasing background pressure
and increasing distance between thruster and probe (both factors increasing the amount of
CEX collisions). To minimize facility effects in the plume spectra, Shastry recommended
maintaining a “pz” factor less than 2, where p is the facility pressure in units of 10™> Torr
and z is the distance from the thruster exit to WEFS entrance in units of meters. For chamber
pressures on the order of 10-20 yTorr, the recommended probe distance from the thruster
is 1-2 meters. High-power operation of the X3 came with high propellant flow rates and
thus elevated chamber pressures. Chamber pressure in VF5 during operation ranged from
5-50 yTorr, producing a “recommended” WFS distance from the thruster on the order of
0.5-2 meters. However, this range is in the near-field of the 80-cm-diameter X3, and there
were significant probe heating concerns, especially at high-power operation. WFS probes
are especially prone to temperature issues due to their permanent magnets, which can lose
their magnetic properties at temperatures above their Curie temperature. The geometry of
the X3 inside VF'5 was such that the probe could not be removed from the plume when not
in use. Thus, the WFS was placed with the other far-field diagnostics 8.7 meters from the
exit plane of the X3.

Although the CEX attenuation is thus significantly greater than what would be expe-
rienced for a recommended pz value, Shastry’s correction model is still valid to correct for
the attenuation. Shastry developed a “full” CEX correction model and a “simplified” model
that took into account only symmetric collisions (i.e., those that that do not produce a new
species of ion). Often, Hall thruster analyses use the simplified version [108], but because of
the increased significance of CEX collisions on X3 spectra, we employed the full correction
model.

The model calculates attenuation factors for each species based on a set of cross sections.

These cross sections are provided by:

o1 =873 -13.6log(V,), (4.12)
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05 =45.7-8.91og (2V,), (4.13)

o3 =2, (4.14)
oy =873 -13.610g (2V,), (4.15)
o5 =169 -3.0log(3V,), (4.16)

where o is the cross section in units of A> and V, is the discharge voltage, which Shastry
showed was appropriate to use for ion energy for these calculations. These cross sections are

used to calculate the following current densities:

J1 = Jjioexp (—=nygo2), (4.17)

J2 = jaoexp [—ng (02 + 073) 2], (4.18)

.. o3 |exp(—ngoaz) — exp [-ng (02 + 03) 7]
J3 = J05 , (4.19)
Oy +03—04

Ja = Jaoexp (—noosz), (4.20)

where j is the corrected or actual current density, j is the WFS-collected current density
for species i, ny is the background neutral density in m™ (calculated from chamber pressure
measurements) and z is the distance from the thruster exit to probe entrance in m. From
these, the attenuation factors of Xe*, Xe?*, and Xe** can be calculated as follows (because

Xe** typically constitutes less than 1% of a Hall thruster beam, it is not typically corrected):
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Jo/xen+ J20
(i) = (4.23)

Jo/xe3+  J30

where (/Lo)l is the attenuation factor for species i. These attenuation factors are then used to
correct the WFS spectra for the effects of CEX collisions.

Figure 4.13 shows an example WFS trace. Also plotted are the curve fits for the four
peaks. This trace demonstrates the blending of peaks that was present in most X3 traces.
Here, the Xe** peak is not visible within the broad tail of the Xe?* peak. By subtracting out
the curve fits sequentially during fitting, these hidden peaks can be uncovered, as is shown by
the green trace representing the fit for the Xe3* peak. This trace also demonstrates the effect
of the CEX correction. The uncorrected current fractions from these data indicated that the
population of Xe** was 11% absolute larger than that of Xe* (0.29 for Xe* as compared to
0.40 for Xe**), which would be a striking result for a Hall thruster. Yet the CEX correction
for the background pressure of 2.5x107> Torr brings these to much more typical values of
0.83 for Xe* and 0.14 for Xe?*.

Uncertainty in the WF'S results is mostly due to the uncertainty in the pressure reading
used for CEX correction. Huang estimates this to be approximately +15% for the pressure
gauges on VF5 when conductance losses and uncompensated temperature effects are taken
into account [181]. A +15% variation in the facility background pressure measurement results
in average uncertainties of the current fractions of +0.043, +0.037, and +0.005 for Xe*, Xe?*

and Xe**, respectively. These, in turn, correspond to an average uncertainty in 7, of 0.004.
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Figure 4.13: Example raw WFS data (in blue) along with the fitted curves for the four Xe
charge species peaks.
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4.4.6 High Speed Camera

Synchronized with the acquisition of high-speed discharge current measurements with the
current guns and oscilloscopes described above we recorded high-speed video of the thruster
discharge using a high-speed camera (HSC). A Fastcam SA-Z used in previous experiments
with the HERMeS 12.5-kW thrusters [63,67] was positioned at a viewport on the atmosphere
side of VF5 and a mirror was placed inside the chamber and aligned such that the camera
could see the thruster nearly head-on. Figure 4.4 shows this setup. At each test condition,
camera was adjusted such that the entire discharge was captured. The camera was operated
at a frame rate of 180 kfps and an image size of 256 pixels by 256 pixels.

For HSC data analysis we followed a procedure that was originally developed by McDon-
ald [61], expanded by Sekerak [60], and used by others [63,193,194]. McDonald applied this
technique to the two-channel X2 thruster in a previous study [195]. Here, we extend the
technique to accommodate up to three simultaneously operating discharge channels. Data

analysis took place in Matlab and followed this basic procedure:

1. Data import: 2000 frames of the videos were imported. This value was chosen to
properly capture relevant phenomena (at 180 kfps, over 100 10-kHz breathing cycles

would be captured within the frames) while minimizing computational expense.

2. Mean image: The frames were averaged together to create a mean image for the
condition. This mean image was then subtracted off of each frame to isolate the AC

component of the channel brightness.

3. Ellipse fit: A least-squares ellipse fit was performed on the mean image to locate the
discharge channel. This ellipse was then scaled to provide inside and outside bounds for
each channel. A unique set of inside and outside ellipses was created for each discharge
channel in multi-channel operation. Figure 4.14 shows a sequence of inner, middle,
and outer channel ellipse sets for an example three-channel operating condition. These

ellipses are intended to encapsulate the relevant pixels for subsequent analysis.
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Figure 4.14: Example ellipses fit to identify the inner (left), middle (center), and outer
(right) discharge channels from the same mean image. ThlS techmque was apphed to all
multi-channel conditions to isolate each channel.

4. Bin and average: The selected pixels were divided into 180 azimuthal bins. For each

frame, the brightness of all pixels in a given bin were averaged together.

5. Viewing angle correction: Because the thruster was not viewed directly end-on
with the HSC, the analysis script made a correction for the viewing angle based on the

shape of the fitted ellipse.

6. Spoke surface: A two-dimensional heat map was created for the discharge brightness
over time. These spoke surfaces (or ¢-t diagrams) are the equivalent of x-t diagrams for
cylindrical coordinates and help to visualize any traveling waves within the discharge
[63]. Figure 4.15 shows a representative example spoke surface from the X3. Note that
in the example plot, all features are vertical, indicating that the discharge is oscillating
as a whole (globally) in time. Spokes, which are localized bright spots that propagate
azimuthally within the discharge channel, appear as slanted lines in these plots (c.f.

Figure 4a in Sekerak [48]).

7. Fourier transform: A two-dimensional Fourier transform was applied to the data
to produce a series of power spectral densities (PSDs) corresponding the mode of the

oscillation. Following McDonald [61], the mode number m is defined as the number
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Figure 4.15: An example spoke surface plot from the HSC data analysis. Channel location
in degrees is along the ordinate and time is along the abscissa. The relative brightness of the
plot corresponds to the relative brightness in the channel. This example shows breathing
(global) oscillations with no presence of spokes.

of localized bright spots in the discharge channel. Thus, a m=0 mode corresponds to
the entire discharge channel oscillating in time, a m=1 mode corresponds to a single
spoke propagating around the channel, etc. Figure 4.16 shows example results from
this analysis. In the example, the m=0 mode can be seen to be dominant over any
spoke modes (m > 1) and features two peaks, one at a typical Hall thruster breathing

frequency of about 10 kHz and another at a higher frequency (70 kHz).

8. PSD peak fits: The two peaks in the m=0 mode of the example PSD were typical to
a vast majority of X3 operating conditions. In an effort to characterize changes in the
location, width, and relative strength of these two peaks with operating condition, a
Lorentzian distribution was fit to each peak. From these fits, values for peak location,
width, and strength (height) were calculated. Examples of fitted curves for each of the

peaks are shown in Figure 4.17.

9. Correlation study: The global thruster oscillation trace (the average of all bins in
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Figure 4.16: Example power spectral densities from the HSC data for m=0,1,2, and 3 modes.
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Two large peaks, one at 10 kHz and another at 70 kHz, can be seen in the m=0 mode.
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Figure 4.17: Example Lorentzian curve fits for the two characteristic peaks in the m=0 PSD:
(a) the low-frequency peak and (b) the high-frequency peak.
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Figure 4.18: Example probability distribution function for the m=0 global oscillation mode
on the right, next to the global light intensity signal plotted with time on the left.

each frame) for each channel was cross-correlated to determine whether channels were

oscillating in sync or with a phase delay.

10. Calculate PDF': Finally, the probability distribution function (PDF) of the global
thruster oscillation trace of each channel was calculated, following analysis done by
Huang [63]. These PDF's help characterize the nature of the oscillations within the
discharge. Purely sinusoidal oscillations have a distinct double-peaked PDF, one that
was seen at some conditions on the TDU thrusters in Huang’s work. A Gaussian
distribution like the one in the example is indicative of seemingly random oscillations

that are likely made up of the product of many different sinusoidal oscillations.

4.4.6.1 HSC Cathode Analysis

In addition to the HSC analysis of each of the discharge channels, we attempted to use the
same techniques to analyze the cathode oscillations as well. A thorough analysis of cathode

oscillations, which often range well above 100 kHz, requires the HSC to be acquiring at a
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Figure 4.19: Example ellipse to identify the cathode region of the mean HSC image. Due
to the viewing angle and the brightness of the cathode spike, no useful information could be
extracted from this region.

faster rate than for the discharge oscillations and the camera frame to be readjusted to only
capture the cathode region of the thruster [63]. Due to resource limitations during these
tests, we instead intended to extract cathode information from the same video frames as the
discharge channels. The same basic steps outlined above were used on the cathode region.
This region was isolated using a similar ellipse fit as the discharge channels, an example
of which is presented in Figure 4.19. Seen in the image, the cathode region of the HSC
images has two components: the bright center cathode spike (which extends to the right of
the image and occupies the brightest part of the cathode region annulus in the 3-4 o’clock
positions) and the dimmer cathode plume (which surrounds the cathode uniformly and makes
up the remaining portion of the cathode region). Unfortunately, the combination of viewing
angle of the camera, which was such that the large cathode spike intruded significantly into
the cathode region, and the intense brightness of the cathode spike, which was so bright
during thruster operation that it could not be viewed with the naked eye at higher current

conditions, made it such that no useful data could be extracted from this area.
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4.5 Thrust Stand

4.5.1 Background

There are a number of different established ways to measure the thrust of a propulsive
device. The simplest method is to use a load cell, which measures the thrust force directly.
This technique is often used in high-thrust devices such as chemical rockets [196]. Electric
thrusters are characterized by their low thrust-to-weight ratios, which are typically much
less than unity. This makes using load cells for EP thrust measurement challenging, as the
small thrust signal is overwhelmed by the thruster weight or simply not resolvable by the
load cell.

A number of thrust stand designs have been developed for EP devices. In general, these
designs can be separated into three categories: hanging pendulums, torsional pendulums,
and inverted pendulums. The pendulum design is typically used because it allows for high
resolution. Of these designs, the inverted pendulum is most often used for Hall thrusters,
including the design described here. The reader is directed to Reference [99] for detailed
descriptions of each type of pendulum design, including the theory regarding their stability
and dynamics.

To facilitate X3 testing and performance characterization, we developed a new inverted-
pendulum thrust stand. This stand, called the High-Mass Thruster (HMT) thrust stand,
features many characteristics similar to state of the art inverted pendulum thrust stands
found in electric test facilities across the industry. However, a number of key components
have been modified to accommodate the large mass and expected maximum thrust of the
X3. For the initial firing of the X3 by Florenz [4,120], the inverted pendulum stand inside
the LVTF at PEPL was modified to ensure that it was able to support the mass of the
thruster. This was intended as a short-term solution, with the long-term vision being two
separate thrust stands: the existing stand for low-mass thrusters such as the H6 and the

X2 (the “low-mass-thruster” or LMT stand), and a new stand for high-mass thrusters (the
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HMT stand). The modifications to the LMT stand were undone to return it to its original

condition, and the work described in this section implemented the new HMT stand.

4.5.2 Typical Inverted Pendulum Design

Typical inverted pendulum thrust stands feature two parallel horizontal plates that are
connected through a spring and flexure mechanism. The bottom plate is fixed and the
top plate is allowed to deflect along the thrust axis. They often contain electromagnetic
coils mounted to the bottom plate that actuate the top plate through the application of
current. The coils are controlled by a control loop to hold the stand at zero displacement
during thruster operation, using the signal from a displacement sensor as the feedback. By
recording the applied current necessary to hold the stand at zero displacement (the so-called
“null” point), and by calibrating the stand’s response through the application of known
weights, the thrust being produced by a thruster is known. Inverted-pendulum stands can
also operate in “displacement” mode, in which the coils are not used or not installed and
the stand is allowed to displace under thrust. The displacement of the stand due to a given
thrust force is measured, and using a similar calibration procedure the value of that thrust
is known.

For Hall thruster testing, a specific design of inverted pendulum thrust stand called the
“GRC-type” is typically seen as the industry standard. This design was originally developed
at GRC [197] and has been described [198] and replicated [121,199] elsewhere across the
industry. A schematic of a GRC-type stand is shown in Figure 4.20. The description
that follows is specifically of the GRC-style stand at PEPL, referred to here as the LMT
stand [121], though the details apply to most GRC-type stands.

The LMT stand features active sensors and electric motors that are controlled from
outside the vacuum facility. The stand is enclosed in a copper shroud that is actively cooled
by an external chiller /heater unit that pumps coolant through copper lines to the stand. In

addition to the shroud, the temperatures of a number of key components of the stand are
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Figure 4.20: A schematic of a GRC-style (or LMT) inverted-pendulum thrust stand for Hall
thruster performance characterization. Note that the schematic is notional, items inside the
stand are repositioned for clarity, and the figure is not to scale.

maintained with the same chiller. In situ, end-to-end calibration of the stand is accomplished
through the application of a set of known weights, which are spooled from an electric motor.
Best practices for thrust stand calibrations are detailed in Reference [99] and are not our
focus here.

The stand’s two horizontal plates are connected using eight thin stainless steel flexures,
four of which are connected to each plate. They are linked using a stiff, H-shaped cross-
member such that the top plate is restricted to deflecting only in the thrust axis (the x axis
in Figure 4.20). As described by Xu [198], the stiffness of these flexures plays an important
role in the allowed deflection of the stand and thus its resolution. In addition, they are also
major load-bearing columns and must withstand the mass of the thruster without buckling
during normal operation or shocks induced during loading. This stand features a “wave”-
shaped (or “M” shaped) load spring, the theory of which is described in Reference [198].
This unique shape was designed to minimize the bending moment at each end, where the
attachment points are. These springs are typically bent by hand and can be tuned based on

the ratio of the lengths of the different components of the spring, the material selection, and
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the material thickness. A stiffer spring will reduce the deflection of the stand for a given
thrust, but will increase the thruster mass the stand can safely accommodate.

In addition to the flexures and the load spring, the thruster propellant and stand cooling
lines play a role in the stand’s stiffness. In the LMT stand, these stainless steel lines are
bent into spring-like loops that link the bottom and top plates. This allows propellant to
be passed to the thruster and coolant to the thruster mount in a way that limits binding or
hysteresis. The lines are routed such that the top plate is linked in all locations only to the
bottom plate and not to the fixed mounting plate. The inclination of the bottom plate can
be actively adjusted while the top plate deflects relative to the bottom plate.

The LMT stand features two electromagnetic coils. Both coils consist of turns of wire
around a copper body that is attached to the bottom plate of the stand with a bracket. The
coils have actuators consisting of magnets attached to rods that are anchored to the top
plate. When current is passed through the coils, a force is applied to the magnet and the top
plate is moved. One coil serves as the null coil, which works to counter the thrust force. This
coil will be powered throughout thruster operation, and as such, it is actively cooled. The
damper coil is used to counteract oscillations inherent to the inverted pendulum’s under-
damped nature. It only dissipates small amounts of power during thruster operation, and
as such is not actively cooled.

Displacement sensing is key to the functionality of the LMT stand. A linear variable
differential transformer (LVDT) is typically employed to measure displacement. This signal
can be used to calculate thrust directly if the stand is operated in displacement mode. Alter-
natively, in null mode operation, the displacement signal is used as the feedback signal for a
proportional, integral, differential (PID) control loop that holds the stand’s displacement at
zero by controlling the signal going to the null coil. The measurement from an inverted pen-
dulum thrust stand is susceptible to changes in inclination, since a tilt in the stand will cause
a portion of the thrust vector to no longer be positioned along the control axis, replaced by a

portion of the thruster weight vector. The LMT stand features a system to precisely control
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the stand inclination throughout testing. A precision electrolytic inclinometer is mounted
on the bottom plate of the stand to measure the inclination throughout testing. This sensor
is typically kept isothermal using the stand’s cooling loop.

The bottom plate is placed on two pivot bolts that are located forward of the thruster
mount location to provide increased sensitivity for the leveling system. The arm on the
bottom plate that the propellant loops are attached to extends out beyond those lines, and
at the end a fine-threaded bushing (typically 1/4”-80 thread) is inserted. A fine-threaded
rod is inserted into the bushing (as indicated in Figure 4.20) and connected to an electric
motor controlled from outside the vacuum facility. Small movement of the motor provides
very precise inclination adjustments.

As has been mentioned, the null coil and inclinometer must be held at a constant tem-
perature for proper stand operation. Additionally, the entire bottom plate is held isothermal
using the same cooling loop to help prevent against thermal warping, which can introduce
error to thrust measurements. The thruster is the dominant source of heat for the stand, so
the thruster mount features a cooling loop. This acts as a thermal isolator, removing any
heat conducted through the thruster’s mount before it can enter the stand. Additionally,
the entire stand as depicted in Figure 4.20 is enclosed in a copper shroud that is cooled
using a separate loop of the same cooling system. The shroud acts as a Faraday cage for any
electromagnetic interference that may come from the thruster during operation, and because

it is cooled it isolates the stand from any radiative heat from the thruster or plasma plume.

4.5.3 The High-Mass-Thruster Thrust Stand
4.5.3.1 Overview

The HMT thrust stand is an inverted-pendulum stand based on the GRC-style design. It op-
erates on the same principles: the top plate is allowed to deflect in the thrust axis; a null coil
is used in a PID control loop to counteract that displacement due to the thrust force, which

holds the stand displacement at zero; the inclination is measured and controlled; calibration
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Figure 4.21: A schematic of the University of Michigan’s High-Mass Thruster thrust stand.
The stand is similar to the GRC-style thrust stand, but differs in a number of key ways.
Note that the schematic is notional, items inside the stand are repositioned for clarity, and
the figure is not to scale.

is done through the application of known weights; the temperature of key components of
the stand is maintained using coolant loop with an external chiller/heater unit. However, a
number of components have been changed in the HMT stand, a schematic of which is shown
in Figure 4.21.

Differences between the LMT stand and the HMT stand include a flexure design that
uses torsional bearings in place of thin stainless steel beams; safety posts to prevent large
deflections in the case of stand failure (not shown in Figure 4.21 for clarity); off-the-shelf
extension springs in place of the wave-spring; larger coils and magnets to provide increased
thrust force; a change in the pivot location; the use of an optical displacement sensor in

place of the LVDT; and an aluminum shroud with multiple quick-release panels in place of
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the typical copper. The specifics of these differences are detailed below.

4.5.3.2 Upgraded Structural Design

The most significant design driver for the HMT stand was the large mass of the X3. The
new design needed to be capable of not only supporting the static weight of the X3 against
flexure buckling but being able to withstand the increased shocks that can occur during
thruster loading and unloading. The stainless steel flexures were determined to be a weak
point in the GRC-style design for application to high-mass thrusters. Though a flexure-based
design was used successfully with the NASA-457M testing [10], the further increase in mass
associated with the X3 warranted investigation of a new approach. As described by Xu [198],
a flexure-based design has been developed for thruster masses up to 250 kg. However, the
new approach detailed below provides an extra factor of safety for high mass thrusters such
as the X3.

In place of shim-stock flexures, the HMT stand uses a flexure design that was originally
provided by the Air Force Research Laboratory (AFRL) for preliminary firing of the X3 [4]
which uses double-ended torsional bearings in each corner of the stand. These bearings are
connected through rods. These rods are connected perpendicular to the thrust axis (into the
page of Figure 4.21) in the front and rear of the stand. These connecting arms serve the role of
the H-shaped end plates of the LMT stand. The selected torsional bearings are rated to 280
kg of load each, which provides an adequate factor of safety against collapse for the X3. The
bearings also provide a greater restoring force, which is helpful for maintaining the thruster in
the null position. As described above, the stiffness of the various stand components (flexures,
load spring, and propellant tubing) affects how much thruster mass a given stand design can
support. Despite the addition of a fifth propellant line, the propellant routing system in the
HMT stand is similar to the GRC-style design and thus not significantly stiffer. The flexures
and the extension springs are therefore stiffened substantially in the HMT to provide the

increase in load capability.
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Figure 4.22: An schematic illustrating the safety post and torsional bearing flexure design
of the HMT stand.

In addition to the change in flexure design, we added safety posts to the stand as shown
in Figure 4.22. These posts are positioned in the front and rear of the plate and provide
hard physical stops against both buckling and excessive displacement from the null position.
They are machined to provide about 1.5 mm of clearance in the y axis and about 2 mm of

displacement in either direction along the thrust (x) axis.

4.5.3.3 Extension Springs

Another change in the design of the HMT stand is that of the load spring. This design was
also part of the design provided by AFRL and has been modified and expanded in the HMT
stand. The HMT stand uses commercially-available coil extension springs in place of the
GRC-type wave spring [198]. Whereas the GRC-type single spring is adjusted to provide a
certain amount of pre-load, the extension springs are installed in opposing pairs such that
there is a spring (or multiples) pulling in tension in either direction to provide a restoring
force to center the stand. The benefits of this design include the repeatability, availability,

and wide variety of off-the-shelf parts. However, a hand-made GRC-style spring can be
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tuned precisely to the desired spring constant. To increase adjustability of the load spring
setup in the HMT stand, two features were added.

The first feature was multiple rows of multiple spring mount holes. This provides the
ability to both add multiple springs in both directions and to coarsely adjust the pre-load
of the springs. It was found during initial testing of this stand that the pre-load of the
springs was a key factor in the balance of the stand. The holes are spaced 6.4 mm apart,
and there are twelve different mounting options in each direction. The second feature is a
“trim” spring mount, which adds the ability to more precisely adjust the pre-load in each
direction. The trim spring mount is on a threaded screw which allows much finer control
of the pre-load. The trim spring is intended to be a spring with lower spring constant that
is adjusted to precisely balance the stand once the coarse tuning is complete. Figure 4.23

shows a schematic of the spring mounting scheme.

4.5.3.4 Inclination Control

With a thruster the weight of the X3, a misalignment with true level of 0.1° will provide
a force along the thrust axis of nearly 4 N, which is approximately 50% of the expected
peak thrust of the X3 of 8 N at 200 kW, 800 V. Additionally, the X3 is also capable of
operating stably at powers as low as 2 kW and producing thrust values on the order of
200 mN in these conditions. Inclination misalignment is especially detrimental for these low
thrust conditions.

Thus, precise and reliable inclination control is key. The HMT stand uses a system very
similar to that used in the LMT stand, in which a 1/4”-80 fine-threaded rod is attached to
an electric motor. This provides an inclination adjustment step size of approximately 0.3
arcsecond. The LMT stand featured a DC electric motor for inclination control instead of a
stepper, which limited the precision of inclination adjustability. In its place, the HMT stand
uses a stepper motor capable of 400 steps per revolution. The inclinometer (which is the

same model in both the LMT and HMT stands) provides a resolution of approximately 3
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Figure 4.23: A schematic of the spring mounting scheme in the HMT stand. The middle
member is attached to the top plate of the stand, and the left and right members are attached
to the bottom plate. Six spring positions are shown, in which the top-most two springs are
trim springs (attached to threaded rods as shown) and the remaining four locations are
for higher-spring-constant load springs. On the other side of these members, six additional
identical spring mounting positions are available.
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mV per arcsecond of tilt.

In addition to the change in inclination adjustment motor, the pivot point for the stand
was moved to be directly underneath the center of gravity of the thruster (i.e., directly under
the thruster mount). This provided a direct load path through the pivots and into the table
on which the stand is mounted. The LMT stand has the pivot forward of the thruster mount,
which distributes a small amount of thruster mass to the inclination screw but increases the
inclination adjustment resolution by extending the adjustment arm length. Though the
HMT stand loses a small amount of inclination adjustment resolution by shortening the arm
length, the added security of the direct load path was seen as worth the sacrifice.

Previous PEPL stands have relied on manual inclination adjustment in which the motor
is actuated by the operator at intervals necessary to keep the inclination within the desired
bounds. The new HMT stand instead uses a simple control loop executed by LabVIEW,
which provides constant monitoring and adjustment. Whenever the inclination signal steps
out of the bounds set by the operator, the stepper motor is actuated to move the signal back
to zero. Depending on the value of these bounds, the stand inclination usually adjusts every

few minutes, as well as in response to any step-changes in thruster operation condition.

4.5.3.5 Null Coil Design

Stands of the GRC-style design have been specified as being capable of measuring up to 5 N of
thrust [197,198], so designing a stand capable of measuring up to the 8 N of thrust expected
of the X3 did not require a significant overhaul of the actuation mechanism or design. The
HMT stand uses the same basic principles described by Xu, featuring an actively-cooled wire-
wound null coil setup. However, instead of a single null coil, the HMT stand features two
separate coils in series. This setup provides two benefits: it allows for symmetric application
of the restoring force (as there was not space for a single coil on stand centerline) and allows
for double the force at a given current (thus reducing the current necessary at large thrust

values).
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The stand was designed to allow for easy coil swapping. This way, multiple sets of coils
can be wound to provide higher resolution at low thrusts (fewer turns of wire) as well as
low enough current at high thrust to avoid thermal issues (more turns of wire). Based on a
given expected test matrix, the proper set of coils can be installed in the stand. By scaling
the coils in this manner, the thrust stand resolution (quantified in mA of coil current per
mN of thrust force) can be kept as high as possible while avoiding excess thermal load or
wire current-rating problems. The permanent magnet chosen for the coils also plays a role
in how much restoring force is provided per mA of applied current. For the HMT stand,
25.4-mm-diameter samarium cobalt magnets were chosen for each null coil.

It was found during the design phase of this stand that minimizing the gap between the
copper coil body and the permanent magnet actuator increased the force provided by the
coil at a given current by increasing the coil/magnet coupling. Thus, coil diameters have
been chosen to provide a gap of approximately 3 mm between the permanent magnet and

the inner diameter of the coil body.

4.5.3.6 Displacement Sensing

Whether the stand is run in null or displacement mode, an accurate, reliable displacement
measurement is crucial for stand operation. In place of the traditional LVDT detailed above,
the HMT stand features an optical displacement sensor. This sensor, a Philtec D63, features
a fiber optic sensor head that mounts to the top plate of the stand. It reflects off a mirror
mounted to the bottom plate of the stand. The sensor head affixes to a fiber optic cable
that runs outside of the vacuum chamber to a control box, which outputs a 0-5 V analog
signal. The sensor provides a sensitivity of 2.7 mV per um. Because the system is fiber optic
all the way from the stand to the atmosphere-side facility control room, it has been found
to be much less susceptible to electrical noise. This is a very significant advantage for the
optical system. The LVDT system at PEPL used 15 meters of electrical cabling, whereas

the optical system, with the control box situated in the same rack as the data acquisition
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system, uses less than a meter.

During initial thrust stand assembly and verification, the sensor tip was positioned inside
the stand and the standoff distance from the mirror was set. The gain on the control box was
adjusted as per the instructions provided by manual, and a series of tests were conducted to
confirm proper response. Once these checkouts were complete, the sensor did not need to be
serviced, adjusted, or re-aligned through five months of consistent testing. It provided very
repeatable and reliable results across many facility cycles and different thruster operating

conditions.

4.5.3.7 Stand Tuning

The dynamics of an inverted pendulum thrust stand will change when the stand is loaded
versus when it is not. For smaller thrusters, this effect may be negligible. But with thrusters
the mass of the X3, the stand dynamics change significantly when the stand is loaded. To
accommodate detailed stand tuning while not placing the thruster at risk, an equivalent
dummy weight system was created to allow a single operator to safely add and remove 250
kg of weight from the stand.

The stand’s natural frequency and response changed drastically when fully loaded, and
the springs required to maintain proper stand balance changed as well. With an X3-
equivalent mass on the stand, load springs providing a total effective spring constant of
10.8 N/mm and a pre-load force of 137 N in each direction were required to keep the stand
off the stops and moving freely under applied calibration loads. These spring settings were
found iteratively by adding spring constant and pre-load in increments until the stand was

able to return to the null position even after large displacements.

4.5.3.8 Operation

Versions of the HMT stand were developed for use at PEPL and at GRC for X3 testing.

The operation of the PEPL version is described briefly in Reference [200]. It was tuned to
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accommodate thrusts of up to 1.5 N and demonstrated linear calibrations with R? values
typically around 0.99996. The zero drift of the stand was on the order of 1% of the thrust
signal across many hours of thruster operation. The uncertainty of the PEPL HMT stand
in the configuration tested was approximately + 11 mN.

The GRC HMT stand featured a number of small modifications and improvements over
the PEPL version. Because of the larger expected thrusts for the GRC test, we fabri-
cated custom brass calibration weights with axial through-holes for mounting on a 20-pound
test monofilament fishing line. We re-routed the internal cooling and propellant lines of
the stand to adopt GRC best practices, which de-coupled the bottom top plate from the
mounting structure. We also modified the cooling of the internal plate further such that the
inclinometer came before the coils in the cooling path (thus ensuring that the heat from the
coils did not affect the inclinometer). Based on data collected throughout the test, the thrust
stand was found to have a statistical uncertainty of approximately 2%, plus an additional
14 mN uncertainty due to the resolution of the inclination reading. We performed in situ
calibrations of the stand at the beginning and end of each test day, and additionally took
zeros periodically throughout the day. Over the course of this test campaign, we found that
the thrust stand calibration slope (in mN/V) varied around the mean with a standard devi-
ation of about 2% day to day. Thermal drift of the stand was typically around 1-2% of full
scale across a day of operation. In an effort to assess whether electrical noise from thruster
operation was affecting thrust measurements, a calibration weight was dropped during oper-
ation of the thruster in a particularly oscillatory condition. The thrust value for the weight

matched the “thruster off” calibration value to within the thrust measurement uncertainty.

4.6 Magnetic Field Mapping Test Setup

Magnetic field mapping was done on a new dedicated rig constructed at PEPL based on

plans provided by JPL. The rig consisted of three 36-inch screw-driven Velmex linear motion
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stages used to maneuver a Lake Shore Cryotronics MMZ-2508-UH three-axis Hall probe.
The Hall probe was positioned in a custom holder that consisted of a Teflon sleeve pinned
by set screws. This allowed for rotation of the probe during alignment. The Hall probe was
attached to a Lake Shore Cryotronics 460 gaussmeter. A LabView virtual instrument on
a dedicated computer controlled the motion stages via serial connection and read the data
from the gaussmeter via GPIB. The motion stages were mounted to a 2-ft by 3-ft Thor Labs
optical table. The table was in turn mounted to the bottom of the X3 using a custom-made
adapter plate.

The coordinate system used throughout testing was that of the motion stages: X is the
axial direction, Y is the horizontal radial direction, and Z is the vertical radial direction,
all with respect to the thruster (see Figure 4.24). The Lakeshore probe had a different
coordinate system, but the LabView code automatically compensated for this. As such, any
references to coordinate directions here will be with respect to the coordinate system of the

motion stages.

4.7 Propellant Uniformity Mapping Test Setup

The setup for the propellant uniformity tests consisted of a Stabil Ion vacuum pressure
gauge, a Pitot tube attachment for the gauge, a rotational motion stage, a frame to hold
the anode, a rotational motion stage to position the anode, Viton propellant lines, and
a 3000 sccm mass flow controller. Following previous work in the literature [201,202], a
pitot tube attachment was fashioned to take pressure measurements. This Pitot tube was
made out of 0.25-inch outer-diameter stainless steel tubing, attached to a 2.75-inch Conflat
flange with a Swagelok-plumbed feedthrough and fashioned with a 90-degree bend to allow
for flow settling. The Pitot tube was 167 mm by 87 mm. The Pitot tube features a 45-
degree tip similar to that described by Huang [202]. The 45-degree tip serves to deflect any

impinging atoms to the side; a square-cut 90-degree tip would reflect gas particles straight
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Figure 4.24: A photograph of the experimental setup of the magnetic field mapper. Visible
are the X3, the Lake Shore 3-axis Hall probe, the three Velmex linear motion stages, the
laser and irises used for alignment (in a “stowed” position for mapping), and the optical
table on which the entire rig and thruster are mounted. The coordinate axes are labeled X,

Y, and Z on the drawing.
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Figure 4.25: Illustration of the probe tip configuration used for the Pitot tube. The tip was
ground to a 45° angle such that any gas atoms that impinged on the tip were reflected to
the side as opposed to straight down.

back and potentially cause erroneously-high pressure measurements. Though no comparisons
to simulation were intended for this experiment, it was determined that matching the test
setup of similar experiments would minimize potential sources of error. A schematic of the
probe tip is shown in Figure 4.25. The Pitot tube was then attached to the end of the Stabil
gauge, which is compatible with 2.75-in Conflat, with a copper gasket to seal the joint. The
pressure gauge/Pitot tube assembly was then attached to an aluminum extrusion boom arm.
The pressure gauge boom arm was fixed to a 21-in by 32-in by 0.5-in aluminum plate.

The anode to be tested was mounted onto an aluminum extrusion frame affixed to the
rotational stage. Previous flow testing, which was done with all three anodes at once, tested
the anodes outside of the channel cups to minimize weight and used thin aluminum sheets
to provide approximations of channel walls. However, because this test only probed a single
anode at a time, weight was not seen as an issue. We thus decided to leave the anodes inside
their channel cups (this assembly is referred throughout the remainder of this work as the
“anode assembly” for simplicity). This way, the true channel wall contour was provided from
the anode exit plane to about halfway down the channel length. The boron nitride segments,

which provide the channel wall contour for the remainder of the channel length, were left
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Figure 4.26: A photograph of the test setup, installed in the LVTF. Here, the outer channel is
aligned and ready for testing. The Pitot tube and Stabil gauge can be seen in the background;
the anode and rotational stage in the foreground; and the rigid aluminum plate connecting
the two underneath.

out due to their fragility. The rotational stage was mounted to the same aluminum plate as
the Pitot probe boom arm, such that the pressure gauge and anode assembly portions of the
test setup were rigidly connected. This was done to aid in maintaining alignment through
vacuum facility pump down and testing. A photograph of the setup, here with the Outer
channel, is shown in Figure 4.26.

Xenon propellant was routed to the anode using the LVTFs existing propellant feed
system, which consisted of 0.64-cm-diameter stainless steel lines. A single line was used for
these tests which was metered by an Alicat-brand 3000 sccm mass flow controller. At the
bulkhead connections for the thrust stand, a Swagelok tee was installed onto the line that
spilt the flow into two tubes. Equal lengths of approximately 3.7 m of 0.64-cm inner diameter
Viton tubing were affixed to each branch of the tee and routed to the two propellant inlet
tube studs on the anode. The length of Viton tubing was chosen to provide enough slack
such that the anode assembly could be freely spun a full 360° without the lines becoming
taut, crimped, or tangled. The Viton lines were joined to the tee and to the anode propellant

inlets using a technique provided by NASA GRC.
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This testing occurred during the off-hours of another program that was performing high-
voltage thruster operation, during which significant carbon backsputter was apparent within
the LVTF. Because the anode and test setup would be inside the facility during many
hours of thruster operation, a Grafoil shield was installed to protect the test setup (most
importantly the small exit holes of the anode) from carbon backsputter. Visual inspection
of the setup and anode after each test indicated that the shielding was working as intended,

as no backsputter was detected.

4.8 Summary

This chapter provided an overview of the experimental apparatus used in the characterization
of the X3. The X3 was tested in two different vacuum facilities in two different states over
three different test campaigns. In both facilities we used a specially-designed inverted-
pendulum thrust stand to characterize the performance of the thruster. During high-power
testing at GRC we used a suite of plasma diagnostics to characterize the plasma beam of
the thruster which included a retarding potential analyzer, a Langmuir probe, a Wien Filter
Spectrometer, and a set of four fixed Faraday or ion saturation probes. We used results
from these diagnostics to characterize the various phenomenological efficiencies of the X3
across its operating envelope, details of which we provide below. Additionally, we used a
high-speed camera to study the oscillation behavior of the thruster. Before this high-power
testing, we performed detailed mappings of the magnetic field and propellant distribution of
the thruster on dedicated apparatus at the University of Michigan described at the end of

this chapter.
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CHAPTER 5

Low-Power Performance

“If you [cut corners], it’s going to be an illusion that it’s going to make it faster...
You have to do it step by step, but you want to do it ferociously.”
— Jeff Bezos [203]

5.1 Introduction

Prior to recent facility pumping speed upgrades !, the LVTF at UM was capable of supporting
X3 firing at flow rates up to approximately 100 mg/s and powers at or below 30 kW. These are
the bounds within which previous firing of the X3 [4,92,120], as well as testing reported in this
chapter, were restrained. As such, only the low-power range of the thruster’s performance
envelope could be tested at UM. In this chapter we present the results of this performance
evaluation, which consisted of two experiments. The first, detailed in Section 5.2, was
intended to repeat the results from the first firing of the X3 with a higher-fidelity thrust
stand. This test evaluated thruster performance at 300 V discharge voltage up to 30 kW
discharge power. The second experiment, detailed in Section 5.3, employed a number of
lessons learned from the first test and explored improved magnetic field settings for the X3.
That test also characterized the thermal profile of the thruster in four different operating

configurations with an aim to improve thermal modeling efforts. Both of these tests were

'Ongoing as of this writing.
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also intended to assess the readiness of the X3 for high-power operation at GRC.

5.2 Low-Power Thruster Characterization 1

Prior to proceeding to high-power operation of the X3, there was interest in repeating the
measurements performed by Florenz described in Chapter 2 with an improved thrust stand.
This was to more precisely determine the low-power performance of the thruster and identify

any areas for improvement or re-optimization before proceeding to high-power testing.

5.2.1 Test Description

During the initial characterization work by Florenz described above, the X3 was operated at
two current densities. At the higher current density (for which performance data were not
presented by Florenz), chamber pressure was approximately 67 uTorr-Xe. The backpressure
limit for Hall thruster performance testing has been suggested to be 30 uTorr-Xe [176]. There
were also issues with the cryogenic pumps “crashing” at the higher current density, wherein
the pumps would suddenly begin to warm and shed their gas loads, causing a sudden increase
in chamber pressure [92]. In an attempt to limit the backpressure of these experiments to
as close to this established limit as possible within the LVTF, only the lower current density
was tested here.

At these settings, each channel was operated at constant power. That is, discharge current
for each channel was held constant, controlled by anode mass flow rate. This constant-power
operation was chosen over constant-mass-flow-rate operation because it better accounted for
the variation in backpressure across different thruster operational modes. By maintaining
power, thrust should theoretically be the same regardless of backpressure. Work by Hofer
[111] showed that this was not strictly the case for the HGMS (a single-channel, magnetically-
shielded thruster), but that a centrally-mounted cathode reduced the backpressure sensitivity

to negligible levels as compared to an externally mounted one.
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Table 5.1: The throttling table for low-power thruster characterization 1. All operation was
performed at 300 V anode potential.

Condition Id,l Id,M Id,O Id,T Pd,T
I 13.5 A 0 0 135 A 4.1kW
M 0 31.5 A 0 315 A 95 kW
O 0 0 548 A 548 A 16.4 kW

IM 13.5 A 315A 0 45 A 13.6 kW
10 13.5 A 0 548 A 683 A 20.5 kW
MO 0 31.5 A 548 A 86.3A 259kW
IMO 135 A 315A 548A 100A 30kW

A summary of the test conditions for this experiment are presented in Table 5.1. The
thruster was operated at “optimized” magnetic field settings at each operating point based
on previous optimization work done by Florenz during the first firing of the thruster. This
was to reproduce the testing completed above with improved thrust stand resolution. A
common magnetic field across all conditions would help illuminate any performance boost
caused by multiple-channel interaction, as in work by Georgin [187] and Cusson [204], but
that was not the goal of this experiment.

One major difference between these test points and those presented in Chapter 2 above
is that here, the thruster was operated with all magnets on for all conditions. This was
due to thruster stability issues discovered during this campaign. This should be noted
while comparing these data to those in Chapter 2. Additionally, it should be noted that
low-power performance characterization 2 presented below in Section 5.3, this issue was
overcome and the thruster was operated with only the electromagnets energized for the
channels that were firing in any given condition. During operation, each channel of the
thruster went through a bakeout of 1.5 hours before any experimental data were obtained.
Due to the large thermal mass of the thruster, no attempt was made to reach full thermal
equilibrium before performance measurements were taken (a similar concession was made
with the NASA-457Mv1 [10]). Instead, the thruster was typically operated for 30 minutes

before data collection, at which point the thruster discharge current was steady and had

145



stopped drifting.

A version of the JPL-designed LaBg cathode described in Chapter 4 was used for these
tests. The particular version used during these tests was a 275-A cathode with external gas
injectors. For this test, the cathode was operated at a constant 10% TCFF of the total flow
rate through all of the anodes. Up to 2 mg/s of propellant was flowed through the cathode

center. Any remainder of the 10% TCFF was flowed through the external injectors.

5.2.2 Results

Thruster performance was characterized by thrust, anode efficiency, anode specific impulse,
and thrust/power ratio (T/P), all of which are described in Chapter 2. Here, the anode
quantities were studied because no effort was made to optimize cathode performance or
minimize electromagnet power. In addition to the plots below, full performance data is
presented in Appendix B.

Thrust versus discharge power is presented in Figure 5.1. It can be seen that the thrust
increases as discharge power increases, which is to be expected. It appears that the M,
O, and MO conditions fall onto a thrust/power line with a shallower slope than the other
configurations. It is unclear from this plot whether this is evidence of the M, O, and MO
configurations under-performing what is expected or the other conditions over-performing.
Comparisons are made to other high-power Hall thrusters below which help to illuminate
the trends.

Figure 5.2 shows anode specific impulse versus discharge power. This plot indicates that
for all multi-channel operating conditions, the anode specific impulse is at least equal to
that of the highest relevant single-channel case. The IM condition saw an increase in specific
impulse over the Inner channel alone, though for that condition the uncertainty is large
enough that the difference may not be statistically significant. The uncertainty in both
anode specific impulse and anode efficiency predominantly come from the uncertainty in the

thrust measurement.
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Figure 5.1: Thrust versus power across all operating conditions for low-power performance
characterization 1.
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Figure 5.2: Anode specific impulse versus discharge power across all operating conditions for
low-power performance characterization 1.
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Figure 5.3: Anode efficiency versus discharge power across all operating conditions for low-
power performance characterization 1.

Anode efficiency versus discharge power is shown in Figure 5.3. Here, the trend is less
clear. The IM condition provides an efficiency higher than that of the inner or middle alone
(and in fact the highest efficiency of the entire set); MO also provides a slightly higher
efficiency than either channel separately; the remaining multi-channel cases (IO and IMO)
have efficiencies that fall between the values of the channels operating alone. The reason for

this is unclear. Again, the large uncertainty on two of the conditions obscures any trends.

5.2.3 Comparison to Other Thrusters

To better frame the relevance of these performance data, despite the significantly off-nominal
current density, comparison was made to other state-of-the-art Hall thrusters at similar
current densities. The thrusters chosen for this comparison were the NASA-300M [75],
NASA-400M [76], NASA-457Mv1 [10], NASA-457Mv2 [74], and H6 [106].

The first of these comparisons is presented in Figure 5.4. This indicates that the X3’s

operation falls along the same general thrust/discharge power line. This is to be expected

148



1800
1600 | 5
Q@ |
® o
- 1200 [5) (0] O M
= L @ 0
o 1000 o Mo
2 L O MO
E 800 )2(0 X M6
600 e X NASA-300M
NASA-400M
o7 ° o g iv
@ allild
200 X
0

0 5 10 15 20 25 30 35
Discharge power, kW

Figure 5.4: A comparison of measured thrust to discharge power between the X3 in low-
power performance characterization 1 and previous data from other state of the art Hall
thrusters at similarly low current densities.

because the X3’s design is based heavily on these thrusters. It can be seen that the IM
condition, seen as high compared to the M and O conditions, actually falls closer to these
other thrusters than the M or O conditions, suggesting that the M and O conditions are
exhibiting poor performance, not that the IM condition is exhibiting a boost.

Additionally, thrust-to-power ratio is plotted against anode specific impulse in Figure 5.5.
It can be seen here that other Hall thrusters at these comparable current densities and 300 V
discharge voltage operate at specific impulses around 1800 seconds and thrust-to-power ratios
ranging from approximately 55 mN/kW to just above 70 mN/kW. This emphasizes that the
outlying conditions, specifically the M, O and MO conditions, are operating at both lower
T/P and lower anode specific impulse, which in turn indicates that there is likely a major
loss mechanism at work in these conditions. Work detailed both in the following section and
in Chapter 6 below will show that this low performance is likely due to a combination of

poorly optimized magnetic field settings and propellant leaks in the anodes.
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Figure 5.5: A comparison of T/P versus anode specific impulse for the X3 in low-power
performance characterization 1 and previous data from other state of the art Hall thrusters
at similarly low current densities.

5.2.4 Conclusions

The efficiencies, specific impulses, and T /P of the M, O, and MO conditions were unexpect-
edly low in performance characterization 1. Reasons for these anomalies were not imme-
diately clear following this test. At the end of this test, it was concluded that significant
additional work was necessary with the thruster’s magnetic field. During this test, all six
electromagnets were operated for all conditions, as it was found that the inner-channel mag-
nets helped stabilize the cathode during middle- and outer-channel operation. However, the
thruster was designed to operate each channel with only its two magnets. It was identified
that further work with magnetic field settings might allow for stable operation with only the
magnets for the channels that are firing [205]. The magnets of non-operating fields had an
observable effect on plume structure during this testing, indicating that they likely affected

performance as well. A similar effect was seen with the X2 NHT [1].

150



5.3 Low-Power Thruster Characterization 2

A second low-power test of the X3 was designed as further preparation for high-power testing.
First, we desired a thorough evaluation of optimum magnetic field settings. Second, as part
of the NextSTEP program testing, we performed a thermal characterization of the thruster

to aid in the high-power thermal simulations occurring as part of that project.

5.3.1 Test Description

A main goal of low-power characterization 2 was to re-evaluate the optimization of the mag-
netic field of the thruster. In analysis after low-power characterization 1, it was determined
that the “optimized” coil settings used by Florenz strayed from those that provide an op-
timum magnetic lens topology. Because of that, it was desired to re-optimize the settings.
First, we conducted a series of firings using the thruster’s baseline coil settings (which were
the coil settings from which Florenz started during his optimization). These test conditions
were then repeated with improved coil settings, which were determined by a series of simula-
tions using Infolytica MagNet software described by Cusson [205]. Performance between the
two conditions was then compared. In addition to this performance evaluation, we performed
a high-voltage checkout of the thruster. This test involved carefully taking each channel of
the X3 to higher discharge voltages at a low current density. Finally, we performed a series
of firings to thermal steady-state. These runs were primarily for the NextSTEP program.
The thermocouple data were used by the thermal modeling team at JPL to fine-tune and
validate their simulations of the X3 [93].

During the course of the test campaign, a ceramic electrical isolator on the outer channel
was identified as having cracked. Because of its position inside the thruster, it was difficult
to determine the extent of the damage without pulling the thruster from the chamber and
disassembling it. This was deemed too disruptive to the tight test schedule, so to minimize

potential damage to the outer channel hardware due to arcing at high voltage, that channel
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was not pushed above 300 V until the end of testing.

This test took place in the LVTF at UM in Configuration 2 described in Chapter 2.
Any time after the vacuum facility was vented to atmosphere the thruster was put through a
bakeout procedure, which consisted of operation for 1.5 hours at 300 V and the test discharge
current on each channel. The high ambient humidity during this test campaign made this
bakeout procedure vital. At times during the bakeout, discharge current artificially rose more
than 30% over nominal conditions due to moisture outgassing from the thruster ceramics.
For any performance data collection, as was done in the first low-power test, the thruster was
operated for a minimum of 30 minutes prior to any performance data being collected. This
period allowed for the discharge current of the thruster to settle. For the thermal steady-
state runs, there was interest in collecting the transient thermal data throughout the run, but
the first-priority data were the final temperatures of key components at the end of thruster
operation. The criterion for achieving thermal steady-state for these tests was chosen to be
a rate of temperature rise less than 10 °C/hour on the thermocouples mounted to the back
pole of any firing channel(s). The back pole is the largest continuous mass of material in the
whole thruster and was thus expected to be the slowest to reach thermal equilibrium. Thus,
it was expected that the other components of the thruster would have temperature rates of
change smaller than the back pole at the time of shut off, provided there were no last-minute
changes to thruster operating condition (changes in mass flow rate or electromagnet settings).
Later analysis by JPL showed that this criterion was not sufficient for the modeling, and the
traces we present below indicate that significant temperature changes were still occurring.
However, these data still provide estimations of relevant temperatures of the X3.

Two versions of the JPL LaBg cathode were used for these tests. For the first portion
of this test, we used the same cathode that was used for low-power characterization 1. A
heater failure in that cathode caused the remainder of the tests to be run with an updated
version, which included an updated heater and orifice plate design that provided an improved

current rating of 330 A. Throughout this experiment, the cathode was operated with a 7%
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TCFF with a similar scheme for splitting the flow between the main cathode tube and the
external injectors. Typically, modern Hall thrusters, especially those on which the X3 design
was based, use a TCFF around 7% [100]. The 10% TCFF value had been used in the first
low-power test for historical reasons: Liang operated the X2 almost exclusively with a 10%
TCFF for stability reasons [1], and Florenz followed that precedent during the first firing of
the X3 [120]. However, it was suspected that the X3 would be able to operate stably with
a 7% TCFF. That was determined to be true during the first handful of firings during this
experiment and it was decided that for the remainder of the test the TCFF would be set at

7% of the total combined anode flow rate.

5.3.2 Results: Thruster Performance

Thruster performance results are split into two studies. The first looks at optimization of
the thruster’s magnetic field, and the second look at thruster stability at key operating

conditions.

5.3.2.1 Magnetic Field Optimization Study

The study of magnetic field optimization itself was split into two sub-components. The first
looked at thruster performance using the baseline coil current ratios established during the
design phase of the X3 and compared that performance to performance gathered during
low-power performance characterization 1. Following those tests, in-depth magnetic field
modeling yielded updated coil ratios. This effort, detailed by Cusson [205], worked under the
assumption that each configuration (single channel vs. two-channel vs. three-channel) would
require a different coil ratio to provide an optimized plasma lens topology. The baseline coil
ratios had been established under the premise that the coil ratios were essentially isolated
and that the optimized coil ratio for, e.g., the Inner channel in the I condition would be the
same as for any multi-channel condition. The more recent modeling showed that to not be

the case. As such, new coil ratios for each channel in various configurations were established
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Table 5.2: Performance results from a series of magnetic field improvement efforts (the
various “2-coil” conditions), compared to those seen above in the low-power characterization
1 (the “6-coil” conditions). A notable improvement in performance is seen for the M and O
conditions, whose performance was seen as sub-par during low-power characterization 1.

CONFIG. COND. 2 L | T Lipa Na
I 6-coil 300V 13.1 A | 0278 N 1848 s 0.605
I 2-coil, baseline | 400 V. 9.8 A | 0.212 N 1697 s 0.449
I 2-coil, improved | 400 V. 9.7 A | 0.256 N 1830 s 0.595
M 6-coil 300V 31.7A| 038 N 1433 s 0.283
M 2-coil, baseline | 400 V. 24.0 A | 0.533 N 1848 s 0.504
O 6-coil 300V 54.7A | 0611 N 1159s 0.212
O 2-coil 300V 51.3A | 0962 N 1826s 0.560

and the performance of the thruster with these new ratios was measured. These ratios were
developed solely using the computer model, and during this experiment no further ratio
optimization was performed while the thruster was operating.

The thruster was operated (and optimized in the modeling effort) with only the coils
energized for the channels that were firing. This differed from how the thruster seemed
to operate best during low-power characterization 1 but is more in line with what was
established during the design of the thruster and during the first firing [4]. Selected results
from the series of magnetic field studies are presented in Table 5.2, and are compared to
selected relevant data from low-power characterization 1 above.

The test matrix for this test was constructed around the needs of the NextSTEP program,
so the test points do not always offer a direct comparison. However, even with that caveat,
the improvement in performance with the “two-coil” magnet conditions (that is, only having
the electromagnets powered for the channel that was firing) is notable, though not uniform.
The Middle and Outer channels both display striking improvements with only their two coils
energized. At a higher-voltage, lower-current condition, the Middle jumped from 0.28 anode
efficiency to 0.50. The improvement for the Outer channel is larger, and the conditions are
more similar than those of the Middle channel. At very similar operation conditions (300

V, 54.7 A versus 300 V, 51.3 A, a discharge current difference of less than 10%), the anode
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efficiency of the Outer channel improved from 0.21 to 0.56. The thrust produced increased
by approximately 67%. We suspect that the improvement for the Middle channel was likely
higher than reported. A substantial leak was detected in the Middle channel propellant
line inside the LVTF after this test was complete. Any propellant leaking from the line
represents an artificial drop in efficiency because it represents propellant that is not actually
being provided to the thruster.

The Inner channel shows a slightly different situation: for 6-coil operation, it displayed a
reasonable anode efficiency value, and for the baseline 2-coil case the performance actually
dropped. However, the improvements to the magnetic lens topology in the “improved” 2-coil
condition bring the efficiency up to a comparable value as the 6-coil condition.

These results suggest that efficient operation of the X3 is attainable through proper
tuning of the electromagnet ratios. As discussed in the next section, optimization of the
magnetic field strength at a given coil ratio is also key to operating the thruster in a stable,

efficient mode.

5.3.2.2 Thruster Stability

Throughout these tests, the magnetic field strength was optimized for each operating point
at whichever coil ratio was being used. This optimization also served as a preliminary ex-
ploration of thruster stability. At a given operating condition, once the thruster discharge
current had leveled off and the discharge current oscillations appeared steady, a sweep of the
magnetic field strength was performed. During these maps, the anode and cathode flow rates
and discharge voltage were kept constant, as was the coil ratio as defined by Cusson [205].
The magnetic field strength was then adjusted using the current to the electromagnets. The
current for both coils was swept simultaneously to maintain proper field topology through-
out the map. During these sweeps, thruster telemetry was monitored, including discharge
current, RMS of discharge current oscillations, cathode-to-ground voltage, and thrust.

Sweeps of this nature are typically used to optimize thruster operation for a given pa-
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rameter. Operation can be tuned via the magnetic field to, for instance, maximize thrust or
efficiency, or minimize discharge current oscillations. During these sweeps, it was typically
seen that thrust did not change, at least outside the uncertainty of the thrust stand (which
as noted previously was approximately + 11 mN as deployed in LVTF Configuration 2).
It should also be noted that cathode-to-ground voltage is not typically a parameter that is
optimized using this type of mapping, but is instead tuned by adjusting the TCFF. However,
cathode-to-ground voltage is often used as a quantification of thruster-cathode coupling and
represents a portion of the cathode-coupling voltage loss (the other contribution is from the
plasma potential) [206]. Cathode coupling voltage is typically viewed as an indication of the
ease with which electrons are extracted from the cathode and transported into the thruster
beam and to its anode [100]. Cathode-to-ground voltage was changing during these maps,
indicating a change in the thruster-cathode coupling, and as such, it is reported with the
results here.

The discharge current, normalized discharge current RMS oscillations, and the cathode-
to-ground voltage are plotted for the Inner channel at 400 V, 9.8 A in Figure 5.6. The
RMS discharge current, as measured using the high-speed current diagnostics described
in Chapter 4, is normalized by the DC discharge current value, which was measured by
the precision current shunt/isolation amplifier setup described in Chapter 4. All metrics
are plotted against the magnetic field strength normalized by the nominal magnetic field
strength. It can be seen that the discharge current follows a curve similar to that seen in the
H6-US unshielded single-channel thruster [48] as well as in the H6-MS and NASA-300MS-2
magnetically shielded single-channel thrusters [12]: as the magnetic field strength decreases,
discharge current decreases. What is not seen in this plot is the turn-around point, the point
at which continuing to decrease the magnetic field strength causes the discharge current to
rapidly begin rising. It is not clear from these data whether that transition does not occur on
the X3 or if simply low-enough magnetic field strengths were not attained during this map.

The discharge current oscillations show a region of increasing, then decreasing, magnitude
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Figure 5.6: The results of a magnetic field optimization map during low-power performance
characterization 2 for the Inner channel at 400 V, 9.8 A. Discharge current, normalized
RMS discharge current oscillations, and cathode-to-ground voltage are all plotted against
the magnetic field strength (which has been normalized by thruster nominal magnetic field
strength).
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as magnetic field is reduced, but again there is not a point in which the thruster transitions
to a largely oscillatory condition. Finally, cathode-to-ground voltage is seen to decrease as
magnetic field strength is decreased, followed by a local minimum (seen as a peak on the
plot due to the negative nature of the voltage) that coincides with the local maximum seen
in the discharge current oscillation trace, and finally with a plateau at low magnetic field
strength that coincides with a plateau in the discharge current oscillations.

A matching set of plots for the Middle channel at 400 V, 24 A is presented in Figure 5.7.
Similar trends can be seen here. It appears that the magnetic field strength was not lowered
far enough to see a similar plateau to the one in the parameters from the Inner channel in
Figure 5.6. Otherwise, though, the features appear the same. There is a relatively steady
decrease of discharge current with decreasing magnetic field strength; discharge oscillations
are low at high magnetic field strength, see an increase at values of B/B,,,, slightly larger than
unity, and then begin to approach similarly low values as magnetic field strength continues
to decrease; cathode-to-ground voltage decreases with decreasing magnetic field strength
before leveling off at the magnetic field strength corresponding to the peak in discharge
current oscillations.

Finally, a set of plots for the Outer channel at 300 V, 40 A are presented in Figure
5.8. The Outer channel map does not cover as wide a range of magnetic field strength as
those for the Inner and Middle channels, and some key features seen in those results are not
present here. Due to the limited nature of these data, as well as the fact that the Inner
and Middle maps were performed at 400 V discharge voltage whereas the Outer map was
performed at 300 V, no major conclusions about the Outer channel as compared to the
Inner or Middle should be drawn. The discharge current oscillation trace lacks as strong of
an increase at lower B/B,,,, and the cathode-to-ground voltage never levels off like for the
other two channels. However, this may be due to the more limited extent of this sweep. The
behavior otherwise is not surprising: discharge current decreases with decreasing magnetic

field strength, and cathode-to-ground voltage gets closer to ground (i.e., less negative) with
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Figure 5.7: The results of a magnetic field optimization map during low-power performance
characterization 2 for the Middle channel at 400 V, 24 A. Discharge current, normalized
RMS discharge current oscillations, and cathode-to-ground voltage are all plotted against
the magnetic field strength (which has been normalized by thruster nominal magnetic field
strength).
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Figure 5.8: The results of a magnetic field optimization map during low-power performance
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decreasing magnetic field strength. Just as with the Inner and Middle data, there is no rapid,
large increase in discharge current or oscillations as the magnetic field strength decreases.
In a general sense, the three channels display similar characteristics.

In addition to the single-channel maps, a small map was undertaken with the thruster
firing in the IM condition. This map consists of two components. The first, presented in
Figure 5.9, swept the Inner channel’s magnetic field while that of the Middle channel was
held constant at B/B,,,,=1.07. The second, shown in Figure 5.10, swept the Middle channel’s
magnetic field while that of the Inner channel was held constant at B/B,,,,=1.07.

The maps are only over a small range of magnetic field strengths, and any conclusions
drawn cannot be taken for the thruster as a whole or any operating conditions other than
this particular one. However, these plots demonstrate that, at least for the IM condition at
300 V and low current density, and over a relatively small range of magnetic field strengths
(and magnetic field strength differences), the behavior of the channels is isolated. That
is, changes to a given channel’s field strength affects its discharge current behavior but not
those of the other channel. Here, increasing the Inner channel’s magnetic field strength while
holding the Middle channel’s constant causes the Inner channel’s discharge current to rise
approximately 0.6 A over the field strengths mapped and causes its oscillation magnitude to
drop from approximately 75% of the mean discharge current to below 50%. Similar trends
can be seen with the Middle channel when its field strength is swept: its discharge properties
are affected, while those of the Inner channel stay roughly constant.

It is also worth noting is that both maps demonstrate an effect on cathode-to-ground
voltage, yet that trend is opposite between the two channels. Lowering the Inner channel’s
field strength causes a decrease in cathode-to-ground voltage, as expected and as demon-
strated by all three single-channel maps. Yet decreasing the Middle channel’s field strength
actually causes cathode-to-ground to become more negative, suggesting worsened cathode
coupling (though without plasma diagnostics, this cannot be confirmed). Reasons for this

are unclear from these limited data, and further exploration is recommended.
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Figure 5.9: The results of a magnetic field optimization map during low-power performance
characterization 2 for the thruster firing in the IM configuration at 300 V, 10.4 kW (9.8 A
Inner discharge current, 24 A Middle). Here, the Inner channel’s magnetic field strength was
swept while the Middle’s was held at B/B,,,=1.07. Discharge current and normalized RMS
discharge current oscillations for each thruster, along with cathode-to-ground voltage, are
all plotted against the Inner-channel magnetic field strength (which has been normalized by
thruster nominal magnetic field strength).
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Figure 5.10: The results of a magnetic field optimization map during low-power performance
characterization 2 for the thruster firing in the IM configuration at 300 V, 10.4 kW (9.8 A
Inner discharge current, 24 A Middle). Here, the Middle channel’s magnetic field strength
was swept while the Inner’s was held at B/B,,,=1.07. Discharge current and normalized
RMS discharge current oscillations for each thruster, along with cathode-to-ground voltage,
are all plotted against the Middle-channel magnetic field strength (which has been normalized
by thruster nominal magnetic field strength).
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Modeling work done by Cusson after this test demonstrated that the optimized coil
current ratios for multi-channel operation are only valid for equal field strengths between
channels [205]. Operating channels at different field strengths will skew one or both field
shapes due to a change in the magnetic flux being shared between the channels. For the
limited range of field strengths tested here we suspect that the skewing was minimized, but
maps covering a larger range of field strength difference between the channels will need to
compensate for this skewing. This becomes a very complex problem with all six electromag-

nets energized.

5.3.3 Results: Thermal Steady-State

The thruster was operated to limited thermal steady-state (as defined above) in four config-
urations: I, M, O and IM. Results from these runs are presented as temporal thermocouple
traces. For each channel, the temperatures of the relevant magnets, channel cup(s), and
back pole location(s) are plotted, except in the cases where the relevant thermocouple was
providing bad data. Those cases were the thermocouple on Magnet 1 (which was shown to
have a lower-than-acceptable isolation against the windings of the electromagnet and was
thus disconnected for this test) and the thermocouple located on the Middle channel cup,
which was providing temperatures near ambient throughout all thruster runs and was con-
firmed to have come loose from its mounting location in the subsequent thruster disassembly,
discussed below in Chapter 6.

Thermocouple traces for the Inner channel thermal steady state run are shown in Figure
5.11. It can be seen that the channel cup reaches thermal equilibrium well before the back
pole does, indicating that the method of using the back pole temperature change to indicate
thermal steady-state of the whole thruster was valid. Though the plateau is not as striking
as that seen in the channel cup trace, the back pole does flatten out to be within the 10
°C/hour criterion set for the test before thruster shut-down.

Thermocouple traces for the Middle channel thermal steady state run are presented in
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Figure 5.11: Relevant temperatures from the Inner-channel thermal steady state run. The
sudden drop in temperature seen in all traces just past t=6 hours coincides with thruster
shut-off.

Figure 5.12. Here, as noted above, the channel cup thermocouple was providing inaccurate
readings and is thus not plotted, but it can be seen that both magnets arrive at an obvious
plateau well before thruster shut-down, and once again the back pole temperature arrives
within its criterion before shut-down.

We see that Magnet 3 operated approximately 100 °C hotter than Magnet 4. This is
due to the coil ratio used for the Middle channel, which puts significantly more power into
Magnet 3 than Magnet 4. In general, Magnets 1-6 are all operated at comparable coil
currents to provide equivalent field strengths (with minor variation due to variation in exact
magnetic circuit between the channels). This explains the fact that Magnets 3 and 4 run
hotter than Magnet 2: they are operating at similar currents, but the larger magnets have
higher resistances and are thus dissipating more power.

Similar traces for the Outer channel are presented in Figure 5.13. The channel cup once

again arrives into thermal steady-state almost two hours prior to shut down. The large
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Figure 5.12: Relevant temperatures from the Middle-channel thermal steady state run. The
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shut-off.
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Figure 5.13: Relevant temperatures from the Outer-channel thermal steady state run. The
sudden drop in temperature seen in all traces just prior to t=6 hours coincides with thruster
shut-off.
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spike in the magnet temperatures, especially visible in the trace for Magnet 5, is due to
an increase in magnetic field strength near the very end of the test in an attempt to settle
thruster instabilities. It can be seen that these changes in the magnet temperatures do not
affect the channel cup or back pole traces in a detectable way.

It is interesting to note that Magnet 5 operates at a significantly higher temperature
(nearly double) than Magnet 6. We observed this behavior throughout testing. This is
somewhat surprising considering that Magnet 6 is physically larger and has a higher resis-
tance, meaning it consumes more power at a given coil current. However, Magnet 6 is the
outer-most coil of the thruster and features ample surface area that radiates directly to the
vacuum chamber. Thus, it is able to reject much more of its heat than Magnet 5.

Finally, the set of thermocouple traces for the two-channel IM condition are shown in
Figure 5.14. This run was performed as such: first, the Middle channel was lit and al-
lowed to operate for approximately 3 hours until it reached steady operation and had done
initial thermal soaking. This was done out of concern regarding whether the LVTF cyrop-
umps would be able to operate steadily with the increased gas load of the IM condition for
long enough to reach thermal steady-state; by operating with only the Middle channel, the
thruster was allowed to heat without the extra propellant flow of the Inner channel. Once
the Inner channel was lit around t=4 hours, large changes in the slopes of Channel Cup 1
and Back Pole 1 are noticeable, as expected, along with a smaller but detectable increase in
the slope of Back Pole 2. Once the thermal steady-state criterion was met for both back pole
thermocouples, the Inner channel was shut off first, which accounts for the drop in Channel
Cup 1 seen at approximately t=7.5 hours. Then, the Middle channel was shut off, providing

the large drop off just before t=8 hours similar to those seen in other traces.

5.3.4 Asymmetric Anode Heating Issue

During the second low-power test, asymmetric heating of the Outer channel anode was

detected. This presented itself as a “hot spot” or “glow region” on the anode, wherein a
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Figure 5.14: Relevant temperatures from the IM thermal steady state run. Temperatures
for the Inner channel are plotted as solid lines, and counterparts from the Middle channel
are plotted as dot-dashed lines in the same color. The sudden large change in slope of
Channel Cup 1 at approximately t=4 hours coincides with the lighting of the Inner channel.
The sudden drop in temperature seen in all traces just prior to t=8 hours coincides with
Middle channel shut-off, and the drop seen in the Channel Cup 1 trace seen prior to that at
approximately t=7.5 hours coincides with Inner channel shut off. Note that the plot begins
approximately 1 hour before Middle channel light.
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portion of the anode was visibly glowing orange after thruster shut-down while the rest of
the anode was not. This issue appeared during thermal steady-state testing. It was first
detected in the fourth hour of Outer channel firing at 16 kW (400 V, 41 A). By viewing the
thruster through the endcap viewport of the LVTF, an orange glow was detected emanating
from the outer channel in the 10-11 o’clock region.

Reviewing information from the first firing of the thruster showed that a similar hot
spot appeared in the same location during the krypton burn-in portion of the thruster
firing. The spot was noted in the test log at 500 V, 55 A, but testing quickly proceeded to
low-voltage xenon performance characterization and the phenomenon was not investigated
further. We undertook a much more substantial investigation of the phenomenon here.
We identified a number of potential causes, including asymmetric propellant distribution,
asymmetric magnetic field topology, uneven thermal contact between the anode and channel
cup or channel cup and thruster back pole, and asymmetry in anode height (thus pushing
the anode further into the plasma in some regions). As described in the next chapter, the
first portion of the investigation occurred during the thruster test window and included both
thruster inspection at atmosphere and operational checkouts. When no obvious cause was
identified by the end of the test window, we undertook a second phase of investigation to
more thoroughly characterize the magnetic field and propellant distribution in the thruster.
Finally, a series of mechanical improvements were made to the thruster at GRC following a
detailed inspection of the thruster. These included repairing welds on the anodes and adding

gasket material to provide a better seal between the anode and channel cup.

5.3.5 Conclusions

A substantial amount of information was gathered during low-power thruster characteriza-
tion 2. All of this information was important for preparation for the subsequent high-power
performance mapping. Stable operation was achieved across a wide range of thruster operat-

ing conditions. We demonstrated that the magnetic field topology (as set by the coil ratios)
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and strength (as set by the magnet currents) have a substantial effect on the performance
of the X3. By only operating the coils for the channels firing, and by updating the coil
ratios for various configurations to better provide proper magnetic lens topology, significant
performance gains were obtained, including most notably an efficiency increase of 0.33 and a
thrust increase of 67% at the same discharge conditions for the Outer channel. Finally, the
thruster was operated to limited thermal steady-state conditions, demonstrating reasonable
thermal behavior and temperatures. One concern that was identified was that the anode of
the Outer channel appeared to be heating asymmetrically during operation, resulting in a

portion of the anode visibly glowing after thruster shut down.

5.4 Summary

We conducted an important set of tests at the low power levels attainable in the LVTF
in Configurations 1 and 2. These tests explored the performance and stability of the X3
and helped prepare for subsequent high-power performance mapping. Low-power charac-
terization 1 identified a number of concerns with X3 operation, including performance well
below that predicted by theory and results from other state of the art Hall thrusters. How-
ever, that test provided no insight into the mechanisms causing these results. Subsequent
modeling identified improvements to be made to the thruster magnetic field topology by
modifying the coil ratio. Using these improvements, low-power thruster characterization 2
demonstrated improved performance at similar operating conditions. Specifically, the Outer
channel demonstrated an improvement in anode efficiency of +0.33 and an increase of 67%
in the thrust produced at similar operating conditions with the new magnetic field settings.
This test also characterized magnetic field strength optimization of the thruster as well as
its thermal profile at powers up to 16 kW in different channel configurations. All these data

provided important insight into thruster operation prior to high-power testing at GRC.
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CHAPTER 6

Thruster Checkout

“The development of high-power Hall thrusters as well as of any large-scale de-
vice represents certain design and technical challenges... [A] linear increase in Hall
thruster dimensions involves certain difficulties with providing an azimuthally ho-
mogenous magnetic field and gas distribution in the thruster channel required for
normal drift motion of electrons.”

— Robert Jankovsky, Sergey Tverdokhlebov, and David Manzella [207]

6.1 Introduction

Before high-power testing at GRC we thoroughly inspected the X3 for any evidence of issues
that would prevent high-power operation. As we describe in Chapter 5, the Outer channel
anode appeared to be asymmetrically heating during low-power testing. This was concerning
as it indicated some kind of defect in the thruster. We undertook a full investigation, starting
with a series of tests during thruster operation as described in Section 6.2. When these did
not identify a cause for the heating, we conducted thorough magnetic field and propellant
flow uniformity maps as described in Section 6.3. We found no major defects in either test,
which was a positive result for high-power testing but still did not provide a cause for the
anode heating issue. Finally, we shipped the thruster to GRC in preparation for testing and

performed a thorough inspection of the thruster. This inspection, described in Section 6.4,
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yielded a number of important improvements to be made to the thruster, including welds
requiring repair on the anodes. Ultimately, no clear cause of the anode heating issue was
identified, but a number of critical thruster improvements were made that incorporate GRC

best practices.

6.2 Investigation During Thruster Testing

Immediately after identifying the hot spot, we vented the facility to atmosphere and thor-
oughly inspected the thruster while mounted on the thrust stand. No obvious causes were
identified. A limited map of the magnetic field was undertaken in situ, which demonstrated
that the thruster magnetic field on channel centerline at the channel exit plane did not vary
by more than 2.2%. An attempt was made at performing a propellant distribution cold-flow
study in situ, but this was technically challenging and did not yield useful results. Without
a cause identified, we returned to thruster testing in an attempt to identify how the hot
spot changed with changing thruster operating conditions. These tests were all qualitative,
as no thermal camera was available to us during the test window and placing thermocou-
ples on the high-voltage anode was deemed risky and challenging. Photographs were taken
of the thruster immediately after shut down through the end cap of the LVTF at similar
camera settings. By comparing the location and apparent brightness of the anode glow, cer-
tain trends could be identified. The results indicated minimal dependence on magnetic field
strength but that the glow region appeared to diminish with higher anode flow rates. Most
interestingly, the region moved location (mirrored over the horizontal thruster centerline)
when the magnetic field direction of the channel was reversed. Despite identifying these

trends, we were unable to identify a clear cause for the glow region.
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6.3 Investigation Post-Testing

With no obvious cause of the glow region identified at the close of the test window, we
undertook a more thorough and rigorous investigation of the thruster hardware. This con-
sisted of mapping the magnetic field of the thruster in four azimuthal locations, as well as
studying saturation; disassembling the thruster to inspect it in detail and to ensure there
were no damaged or broken pieces; and finally a more thorough and rigorous mapping of the

propellant distribution for each channel.

6.3.1 Magnetic Field Mapping
6.3.1.1 Introduction and Scope

Magnetic field azimuthal uniformity is critical for efficient Hall thruster operation. We
performed magnetic field mapping to verify uniformity and thruster saturation. For the
Outer channel of the thruster, this was also used as part of the glow region investigation.

We made the following measurements:
1. Single-point saturation data for each channel at one azimuthal location

2. Two-dimensional channel maps of single-channel conditions (I, M, O) at four azimuthal

locations

3. Two-dimensional channel maps of two-channel (IM) and three-channel (IMO) condi-

tions at one azimuthal location

The two-dimensional maps covered the channel cross section available with the BN in-
stalled, as well as a small amount of area downstream of channel exit that included area in
front of the thruster pole pieces. A notional grid is shown in Figure 6.1, where the anode
face is located at X/L = 0 and the channel extends into the positive X/L direction. The

two-dimensional maps were taken at 12, 3, 6, and 9 o’clock on the thruster face such that
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Figure 6.1: A notional magnetic field sweep grid. Here, the X coordinate has been normalized
by the channel length L, and the Y coordinate by the channel width w. Notional thruster
channel geometry is shown. Similar grids were created for each of the X3’s channels based
on the given channel’s width.

only two motion stages were necessary to accomplish the measurements. A single grid was

created for each channel and used for all maps of that channel.

6.3.1.2 Test Procedures

The first step of testing involved the construction of the rig and alignment of the motion
stages themselves. Although the stages were designed to interface with an optical table and
with each other in a way that allowed for easy alignment, there was still enough play in their
interfaces to require alignment verification. The X stage was aligned using a tape measure
to ensure it was square to the optical table. The Y stage was then aligned physically using
optical posts placed at either end of the stage: the X stage was advanced (with the Y stage
mounted on top, but loose and able to pivot) until each end of the Y stage was touching its
optical post. The Z stage was then aligned on top of the Y using a measuring tape and a

digital protractor.
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With the stages aligned to the optical table, the next step of alignment involved aligning
the thruster to the stages. The following procedure was used, which was replicated from
that used at JPL. It utilizes a small Thor Labs laser and two irises, all mounted to optical

posts, as well as a 1-inch diameter mirror.

1. We placed the laser and both irises along the same row of holes on the optical table.
For the X3, we chose a row such that the laser beam would be hitting the thruster on

the BN of one of the channels.

2. Using a reference length or set of calipers, we set the irises to be at the same height.
For the X3, we chose a height as close to thruster centerline as the optical equipment

allowed.

3. We turned the laser on and adjusted its height and angle until the beam passed through

both irises and reached the thruster face.

4. We moved one of the irises to a different location along the same optical table row, and
ensured that the laser beam still passed through both irises and reached the thruster
face. This step ensured that the laser is truly aligned with the optical table—because
the irises have a finite area, it is possible to have the laser aligned to pass through both

irises in a given location without actually having the laser be square to the table.

5. With the laser aligned and passing through both irises, we held the 1-inch mirror

against the thruster face to reflect the beam back toward the irises and laser.

6. We then adjusted the thruster alignment (in two axes: side-to-side and forward-back

tilt) until the reflected beam passed through both irises and entered the laser face.

As a final alignment check once this was complete, the Hall probe was brought forward
until it touched the BN at each of the channel locations across both axes of the thruster (the
12-6 o’clock axis and the 3-9 o’clock axis). With the X3, we found that these values varied

by a few tenths of a millimeter, but the variation was random (i.e., there was no obvious
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slope across a particular axis). This was attributed to the fact that the BN in the X3 is
many separate parts held in place by different pole pieces and springs.

With the entire system aligned, data collection began. Data collection consisted of two
phases: locating of (X,Y) = (0,0) for the given channel and the actual mapping. Location

of (0,0) used the following technique:

1. Location of X=0 was done by approaching the probe tip in 0.1 mm increments until
it was touching the BN of the given channel. A piece of paper was used to protect
the BN, and when the probe was touching the BN firmly enough to pin the paper, we

declared it to be at X=0.

2. Location of Y=0 then proceeded, which involved advancing the probe 8 mm into the
channel and then approaching the inner and outer BN edges in turn. Here, because
of the flexibility of the probe in the long axis, the paper technique was not used, and
instead a flashlight beam was shined behind the probe tip. When the light disappeared,
the probe was declared to be touching the wall. Both walls were located in this manner,

and the point halfway between each wall’s location was taken to be Y=0.

The LabView virtual instrument collected data by stepping through a grid of points
supplied by the operator. The Lakeshore 3-axis Hall probes feature Y and Z sensors that
are offset 2.08 mm from the centerline of the probe. To accommodate for this, the code
automatically moved the probe 2.08 mm in the correct direction to gather the Y data. The

gridding process thus was the following:
1. Move to new position
2. Record X data
3. Move +2.08 mm Y

4. Record Y data
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Figure 6.2: A flow chart detailing the magnetic field mapping procedure.

5. Move to new position

Grids thus had to be designed around this adjustment to ensure that the probe would not
touch the BN walls. Figure 6.2 presents a flow chart that details the basic process followed

for the magnetic field mapping of the X3 presented here.

6.3.1.3 Test Setup Validation

Before proceeding with maps of the X3, a validation campaign was undertaken with the H9
thruster [208,209], which had recently been mapped at JPL using a similar rig, Hall probe,
and gaussmeter. The intention of this test was to validate both the UM test setup and the
alignment procedures. Results from this test are omitted here due to the proprietary nature

of the H9’s magnetic field design. Ultimately, the results were able to match relatively well
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in shape, but the UM setup was not able to replicate exactly the results taken at JPL.
Centerline field strengths matched between the two facilities, but the streamtraces of the
data collected on the UM test apparatus had a slight tilt as compared to the JPL results
that was never able to be removed. After many re-alignment attempts, the Hall probe itself
was settled on as a likely culprit for the mismatch. Due to time constraints, X3 mapping
proceeded with the old probe. Thus, this H9 validation can be seen as a measure of the error
associated with the measurements presented below and provide an estimate for how closely
the measurements made with the test apparatus in this configuration can be expected to

match modeling results.

6.3.1.4 Saturation Results

Magnetic circuit saturation occurs when the current—field strength characteristic for the
channel is no longer linear. Eventually, the characteristic flattens such that increased current
provides no increase in magnetic field strength. Knowing the point at which the characteristic
stops being linear is important for thruster operation, as it provides an upper limit for
magnetic field strength. Because the curve flattening is gradual, thrusters can be operated
in the non-linear region if the curve is known and the field topology is maintained. The X3
magnetic circuit was designed to provide saturation for each channel at a particular magnetic
field strength, referred to here simply as Biasdesign- All plots below are normalized by this value
to provide qualitative information about the magnetic circuit saturation behavior without
providing specific proprietary information.

As a comparison tool, a linear least-squares fit was made to the linear region of the Hall
probe data for each channel (here, the first nine or ten data points to ensure linearity) and
then extended through the full range of coil currents investigated. These linear fits provide
an un-saturated reference to which the Hall probe data can be compared. When the circuit
begins to saturate, the Hall probe data points are expected to fall beneath the linear fit line.

Hall probe data was collected for each channel at the point of maximum field strength on
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Figure 6.3: Inner channel saturation results. The Hall probe data is plotted against a
linear least-squares fit of the first ten data points of the Hall probe data to provide an
“un-saturated” reference line. The magnetic field strength is normalized by the designed
saturation point. The data are plotted against M1 current on the abscissa for simplicity, but
M1 and M2 were both powered for these data at a constant ratio. Data were collected at
the point of maximum field strength on channel centerline at the 12 o’clock position.

channel centerline. This location varied slightly for each channel but was generally at the
channel exit plane or slightly downstream of that. These data were collected after a grid
was performed for the given channel, and as such, the probe alignment (as performed by the
techniques described above) carried over from the grid.

Inner channel saturation data is presented in Figure 6.3. It can be seen that the Hall
probe data begins to deviate from the linear fit at a B/By design Value of approximately 0.9,
with the Hall probe data clearly deviating at B/Bu design=1. However, even up to measured
magnetic field strengths of B/Biudesign=1.13 (the maximum attainable field strength with
the available power supplies at UM), the curve has not fully flattened. Middle channel
saturation data is presented in Figure 6.4. Here it can be seen that the Hall probe data
begins to deviate just slightly from the linear fit at values of B/Byugesign Very close to 1.

For the Middle channel, values of B/Bu gesigcn=1.10 were attainable with the power supplies
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Figure 6.4: Middle channel saturation results. The Hall probe data is plotted against a
linear least-squares fit of the first nine data points of the Hall probe data to provide an
“un-saturated” reference line. The magnetic field strength is normalized by the designed
saturation point. The data are plotted against M3 current on the abscissa for simplicity, but
M3 and M4 were both powered for these data at a constant ratio. Data were collected at
the point of maximum field strength on channel centerline at the 12 o’clock position.

available, and although deviation is clear at that field strength, the curve has not leveled
off. Outer channel saturation data is presented in Figure 6.5. Here it can be seen that the
curve has just started to deviate from linear at the maximum attainable field strength of
B/Bsut gesign=1. Overall, the data for all three channels shows that they are performing at
or near the design limit. The curves display very linear trends until that point, indicating
proper magnetic circuit response.

In addition to the single-channel saturation studies, a brief multi-channel verification
was performed. Theory suggests that a given channel’s magnetic circuit should saturate at
a particular field strength regardless of whether any other channel’s coils are powered. This
is due to the fact that saturation is an effect of the magnetic flux and the geometry of the
magnetic circuit components. The coil current at which this occurs will likely vary with a

neighboring channel’s coils powered, as magnetic flux from the extra coils will be present in
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Figure 6.5: Outer channel saturation results. The Hall probe data is plotted against a
linear least-squares fit of the first ten data points of the Hall probe data to provide an
“un-saturated” reference line. The magnetic field strength is normalized by the designed
saturation point. The data are plotted against M5 current on the abscissa for simplicity, but
M5 and M6 were both powered for these data at a constant ratio. Data were collected at
the point of maximum field strength on channel centerline at the 12 o’clock position.
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the circuit as well.

To verify that the X3 was behaving in this manner, additional saturation studies were
performed on the inner and middle channels in the IM coil configuration. As detailed by Cus-
son [205], the coil ratios for the channels varied between single-channel (I, M, O) conditions
and the multi-channel (IM, IMO, etc.) conditions. For each channel, only that channel’s coil
currents were swept (holding to the prescribed ratio), while the other channel was held at
a constant, moderate coil current. For each channel, the Hall probe was placed in the same
location as for the single-channel studies.

The results of the Inner channel sweep in the IM condition are plotted in Figure 6.6.
A linear least-squares fit is plotted alongside that Hall probe data. For reference, the Hall
probe data and linear fit for the single-channel case (the same data as in Figure 6.3) are
reproduced here. It can be seen that the saturation behavior is essentially identical: around
B/ Biur desicn=0.9, slight deviation from linear is detected, and at B/Byu gesign=1, there is clear
deviation. However, even at the peak B/Bjy gesign 0f 1.11, the Hall probe data has not leveled
off.

It can be seen that these field strengths are achieved at much lower coil currents than
the single-channel condition, which suggests substantial sharing of magnetic flux from the
Middle channel’s coils. This is further supported by the fact that the coil ratio for the Inner
channel was significantly different between the I and IM cases. However, this change does not
ultimately affect the saturation field strength for the Inner channel, just as theory suggested
would be the case.

Similar data for the Middle channel in the IM condition are plotted in Figure 6.7. Unlike
the Inner channel, the two sets of data fall very close to each other. This suggests dis-similar
sharing between the two channels, a conclusion further supported by the very slight change
in optimum coil ratio for the middle channel between the M and IM conditions and the
results from Cusson’s study in Reference [205]. Power supply limitations prevented testing

above B/Bgudesign=1, but up to the maximum field strength of B/Bgu design=0.926 the data
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Figure 6.6: Inner channel saturation results for the IM condition. The Hall probe data is
plotted against a linear least-squares fit to provide an “un-saturated” reference line. The
magnetic field strength is normalized by the designed saturation point. For reference, the
Inner channel saturation results for the I condition are reproduced from Figure 6.3. As
above, the data are plotted against M1 on the abscissa for simplicity. For this study, M1
and M2 (the Inner channel magnets) were swept at a constant ratio while M3 and M4 (the
Middle channel magnets) were held at fixed values. Data were collected at the same point
as the single-channel data.
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Figure 6.7: Middle channel saturation results for the IM condition. The Hall probe data is
plotted against a linear least-squares fit to provide an “un-saturated” reference line. The
magnetic field strength is normalized by the designed saturation point. For reference, the
Middle channel saturation results for the M condition are reproduced from Figure 6.4. As
above, the data are plotted against M3 on the abscissa for simplicity. For this study, M3
and M4 (the Middle channel magnets) were swept at a constant ratio while M1 and M2 (the
Inner channel magnets) were held constant. Data were collected at the same point as the
single-channel data.

are very linear and track closely with the single-channel M data.

6.3.1.5 Azimuthal Uniformity Results

Two-dimensional in-channel maps were taken at four locations around the thruster: 12, 3,
6, and 9 o’clock on the thruster face. These maps were conducted for each channel in its
single-channel configuration. The maps at the four locations were intended to compare field
shape at each location to confirm uniformity.

Inner data at each of the four locations is presented in Figure 6.8. Each color represents
a different azimuthal clock location. It can be seen in general that the data line up very

closely, especially in the region of highest magnetic field near the exit plane of the channel.
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Figure 6.8: Inner channel azimuthal uniformity results for the nominal single-channel con-
dition. Each color represents the Hall probe data from a different clock position on the
thruster as noted. Notional channel geometry is included for reference: the channel walls
run parallel to the abscissa, and a representation of the anode is visible near the ordinate.
Units are deliberately omitted.

Deep in the channel near the anode, the thruster’s magnetic field is on the order of Earth’s
magnetic field, and the slight differences are not surprising. Data in the area of low field
strengths were close to the noise floor of the instrument. Middle channel data are presented
in Figure 6.9. Here, only three clock locations are presented, as the 9 o’clock map was
not collected at the proper magnetic field settings. The same trend is apparent here as
in the Inner channel data, that there is very good agreement in the downstream region of
the channel and slight variations in field lines deep in the channel near the anode. Outer
channel azimuthal uniformity maps are presented in Figure 6.10. The trend of very uniform
field lines within the downstream section of the channel is repeated here as well. This is of
increased importance for the Outer channel, as a non-uniform magnetic field was identified as
a possible culprit for the asymmetric anode heating observed during thruster testing. There
is no sign in these maps of any defects that would cause this issue.

We present the variation in centerline field strength, which provides additional insight into

azimuthal uniformity, in Table 6.1. The location of these measurements within the channel
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Figure 6.9: Middle channel azimuthal uniformity results for the nominal single-channel con-
dition. Each color represents the Hall probe data from a different clock position on the
thruster as noted. Notional channel geometry is included for reference: the channel walls
run parallel to the abscissa, and a representation of the anode is visible near the ordinate.
Units are deliberately omitted.
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Figure 6.10: Outer channel azimuthal uniformity results for the nominal single-channel con-
dition. Each color represents the Hall probe data from a different clock position on the
thruster as noted. Notional channel geometry is included for reference: the channel walls
run parallel to the abscissa, and a representation of the anode is visible near the ordinate.
Units are deliberately omitted.
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Table 6.1: Percent variation between peak channel-centerline field strengths at each of the
four locations mapped during the azimuthal uniformity study.

Channel ‘ I M O
Variation ‘ 0.46% 0.94% 2.3%

cross-section of each channel match the location of the saturation study, as indicated above.
The percent variation was calculated by taking the difference between the maximum and
minimum field strengths and dividing that by the mean field strength. In general, there
are no large variations in field strength across any given channel. Uniformity decreases as
channel size increases, which is not surprising, as maintaining concentricity and tolerances

is more difficult with increased channel size.

6.3.1.6 Conclusions

The data presented here suggest two significant conclusions. First, the thruster was pro-
ducing an azimuthally uniform magnetic field on all three channels. No major defects or
disagreements between the four azimuthal locations mapped on the thruster were discov-
ered, and peak centerline field strength on each channel varied less than 1% for the Inner
and Middle channels and less than 2.5% for the Outer channel. Second, no indication was
found that the magnetic field is the cause of the asymmetric heating issue on the Outer

channel.

6.3.2 Propellant Uniformity Mapping
6.3.2.1 Introduction and Scope

Propellant uniformity within the discharge channel is critical for efficient Hall thruster oper-
ation [72,202,207]. Propellant can be distributed using a number of different schemes, most
of which couple the propellant distribution function with the discharge circuit into a single

component referred to as the anode. As noted in Chapter 2, three anode design types were

187



considered for the X3. An extensive modeling and simulation campaign was used to inves-
tigate all three options thoroughly [4]. Ultimately, a drop-in style design was selected. The
modeling work suggested that uniform flow would be achieved in all cases for each anode,
but verification of this was necessary.

A limited flow uniformity verification test was conducted prior to first firing of the X3.
This test consisted of radial and azimuthal pressure maps at a single flow rate for each chan-
nel: a high-flow condition for the Inner and Outer channels and a moderate-flow condition
for the Middle channel. Additional low-flow conditions had been planned, but the pressures
achieved were below the resolution of the pressure gauge selected. In the interest of time, the
low-flow conditions were skipped. Unfortunately, the lowest flow condition is the most likely
to produce non-uniform propellant distribution. Because propellant is routed into the an-
odes of the X3 via two inlets positioned 180° apart, uniform propellant distribution relies on
choked flow occurring within the baffles of the anode. At low enough flow rates, the choked
condition can be lost, which may cause a significant decrease in propellant uniformity. The
Outer channel asymmetric heating issue occurred at flow rates near the lower end of the
range of that channel: the region was first discovered at a flow rate of approximately 400
sccm, whereas the pre-assembly flow test only tested that anode at 1500 scem. Non-uniform
propellant distribution was identified as a possible cause of the heating issue.

To both investigate the asymmetric heating and to better verify the propellant distribu-
tion of all three anodes across their range of flow rates, a new test was conducted before
high-power testing of the X3 using the apparatus described in Chapter 4. This test was
intended mostly to verify azimuthal uniformity at the low-flow condition for each anode. As
a verification of previous results, high-flow data was taken as well. These tests consisted of
placing a single anode of the X3 at a time into the test setup, which for expediency was
housed inside the LVTF at UM off to one side of the facility, allowing for these tests to take
place alongside ongoing thruster testing for a different project. To limit setup complexity

and more easily allow the test to occur alongside the on-going testing, a single radial/axial
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Figure 6.11: The coordinate system used throughout the test campaign. The Pitot probe
was held at a constant (R,Z) location and the anode was spun beneath it to sample at
different 6 locations.

point in the channel was measured around the channel azimuthally. That is, the pressure
probe was aligned to a single point in the channel cross-section (R,Z), and the anode was
then rotated beneath the probe tip to measure that same point at various azimuthal loca-
tions () around the channel. A photograph of the setup, including the coordinate axes, is
shown in Figure 6.11.

Simulations suggested that maximum non-uniformity would occur approximately halfway
down the channel length [4]. The (R,Z) location of the probe tip was set to be on channel
centerline at a Z close to the middle of the channel length to ensure that measurements
were taken near this region. Due to slight differences in alignment, the Outer channel’s Z
location was approximately 3 mm farther downstream than that of the Inner and Middle
channels, but this variation is approximately 5% of the channel length and still puts the
measurement location within the region of interest inside the channel. Typically, azimuthal
variation of somewhere between +5% to £12% is deemed acceptable for Hall thrusters, with
higher uniformity preferred [202,209]. For the X3, a criterion of +12% was chosen due to

the laboratory and proof-of-concept nature of the thruster.
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Table 6.2: The test matrix for the azimuthal propellant uniformity test.

CHANNEL ‘ Agexithole Agdatapoint ‘ mmin,design mmax,design ‘ mmin,test mmax,test
Inner 18° 10° 60 sccm 600 sccm | 70 scem 600 sccm
Middle 10° 8° 150 scem 1200 scem | 150 scem 1000 scem
Outer 7.5° 10° 300 sccm 1500 scem | 300 scem 1000 scem

6.3.2.2 Test Procedures

Alignment of the anode to the Pitot tube was done before each test run. The anode was
rotated repeatedly in 90-degree increments, and the radial and axial location of the Pitot
tube was measured using a ruler with 0.5 mm indications. This was repeated as the anode
was shifted around until alignment was consistent in both directions at each of the four 90-
degree locations to + 1 mm. The starting (or zero-degree) point on each anode was adjusted
before each pumpdown to coincide with the top or “12-o’clock” propellant inlet. Alignment
occurred with the propellant lines attached to the anode to minimize bumping or jostling
once alignment was complete.

Each anode of the X3 features a similar design, but the exact spacing of the downstream
holes varies channel to channel. To ensure that a representative pressure distribution was
being measured for each anode, the spacing of each pressure measurement was adjusted
accordingly. The low-flow and high-flow flow rates were chosen based on the expected range
of flow rates for each anode. However, it was found during testing that the Stabil gauge
would reach the upper limit of its range at flow rates above 1000 sccm. Thus, the high-flow
conditions for the Middle and Outer channels were set to be 1000 sccm instead of their true
maximum flow rate. Based on results from other thrusters, as well as the results discussed
below, it was expected that the low would become more uniform at these higher flow rates,
and the data support this conclusion. Details of the test matrix are provided in Table 6.2.

At the beginning of each test, we powered the pressure gauge and allowed it to warm up
for approximately one hour. Once the pressure measurements were steady, we began flowing

gas to the anode. To allow the vacuum facility, pressure gauge, and mass flow controller
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to reach steady-state operation, we began measurements approximately 2-3 minutes after
starting the flow. Typically, the pressure measurements were steady after less than one
minute.

Testing proceeded as follows:

1. The anode was rotated to a new measurement location
2. The system was allowed to settle for 10 seconds

3. The pressure was recorded

4. Repeat

We recorded the data from the readout on the front of the Stabil gauge controller and
marked settling time with a stopwatch with 1-second resolution. For each flow rate, we spun
the anode counter-clockwise from 0°-360°, then clockwise from 360°—0°. Because there was
a small amount (approximately 2-3°) of backlash in the rotational stage, there were two
benefits to mapping both directions at each flow rate: because of the offset, the forward and
backward data sets provided a more thorough mapping of the pressure distribution across
the anode at a given flow rate; additionally, the data are more directly comparable between
the low- and high-flow conditions (as opposed to mapping 0°-360° at one flow rate and
360°-0° at the other). We tested the low-flow condition first for each anode, followed by the

high-flow condition.

6.3.2.3 Results

We present the results as normalized pressure, wherein the pressure value at position 6 are

normalized by the mean value of the data set at a given flow rate:

0
Il @ = 22 (6.1)
p
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where [|p|| (0) is the normalized pressure at position 6, p(f) is the measured pressure at
position 6, and p is the mean pressure of the set of data. The deviation values are then

simply calculated as such:

O-max = ||p||max - 1 (62)

O min = 1 - ”p”mm (63)

where o is the deviation and the subscripts max and min represent the upper and lower
values, respectively.

The Outer channel was the first anode tested, and the most critical. During the design
phase, the Outer anode was identified as the most likely to have uniformity issues due to
its size [4]. Also, it has the largest range of flow rates, which meant that the single-point
uniformity test done before thruster assembly was especially lacking. Finally, as mentioned
above, there was potential that a non-uniformity in flow was causing the asymmetric anode
heating issue. Results from the low- and high-flow cases are shown in Figure 6.12. For the 300
sccm case, the normalized pressure ranged from 0.887 to 1.117 (a spread of +11.7%/-11.3%).
For the 1000 sccm case, the normalized pressure ranged from 0.908 to 1.092 (a spread of
+9.2%).

We can draw three major conclusions from these data: First, the pressure distribution
falls within the uniformity criterion set for the thruster, even at the low-flow condition.
Second, the flow increases in uniformity as the flow rate increases, as expected. Third, there
are no indications in these data of any low or high region of flow that might cause the
asymmetric anode heating.

The results from the Middle channel are presented in Figure 6.13. The Middle channel
results are presented on the same scale as the Outer channel’s results to facilitate more

meaningful comparisons. At 150 sccm, the normalized pressure ranged from 0.932 to 1.079
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Figure 6.12: Propellent azimuthal uniformity results from the Outer channel at 300 sccm
and 1000 sccm.
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Figure 6.13: Propellant azimuthal uniformity results from the Middle channel at 150 sccm
and 1000 sccm.
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Figure 6.14: Propellant azimuthal uniformity results from the Inner channel at 70 sccm and
600 sccm.

(a spread of +7.9%/-6.8%). At 1000 sccm, the normalized pressure ranged from 0.959 to
1.027 (a spread of +2.7%/-4.1%). It should be noted that the high-flow condition here is
closer to the designed maximum flow rate for this anode than for the Outer, so the increased
uniformity seen here is expected. These results indicate uniform flow well within the criterion
at both flow rates, and an increase in uniformity as flow rate increases.

The results from the Inner channel are presented in Figure 6.14. Again, these results are
plotted on the same scale as those for the Middle and Outer channels above. At 70 sccm, the
normalized pressure ranged from 0.924 to 1.097 (a spread of +9.7%/-7.6%). At 600 sccm,
the normalized pressure ranged from 0.986 to 1.030 (a spread of +3.0%/-1.4%). Here, the
high-flow condition is the full maximum flow rate for this anode. Once again we find the
same trends: flow that is uniform within the set criterion at the low flow conditions and that
increases in uniformity at the high-flow condition. It can be seen that there is a detectable
high spot on this anode between 20°-50° in the high-flow condition. This was seen on both

the 0°-360° map and the 360°-0° map, indicating that it is a real effect and not, for instance,
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a transient issue with the flow controller or the pressure gauge. Possible causes of this spot
include local geometry issues such as a hole slightly larger than the specified tolerance or a
baffle out of specification. Another possibility is test rig misalignment, but because there
is not a corresponding low point we deem this unlikely. However, it is important to note
that though this high spot is noticeably higher than the rest of the flow, it still falls within
comparable or better uniformity than the Middle and Outer anodes at high flow. Therefore,
the location of this high spot will be noted and monitored during future testing, but we
expect that the small variation in flow will not cause any issues with thruster operation.

A final comparison between the data sets is presented in Figure 6.15. The average data
deviation o was calculated by averaging the spread values for each set of data presented
above:

O max + O min

o= T (6.4)

This is then plotted against the normalized mass flow rate, which is calculated by dividing

the tested mass flow rate sz by the maximum design mass flow rate ity gesign:
il = —— (6.5)

Mynax,design

Plotting in this manner helps to illustrate the effect of the artificial maximum imposed
on the tested mass flow rate by the pressure gauge limitations. Data is presented such that
dotted lines between each anode’s conditions imply general trends; because only two data
points were collected, no suggestion or implication can be made about the actual shape of the
o vs. |lm|| curve. We present these data with error bars representing the largest repeatability
error—that is, the largest deviation between measurements at a given location for a given
condition—recorded during the test. This figure further illustrates that, in all cases, flow
uniformity increased as flow rate increased. It shows that all three anodes followed a similar

slope across their range (regardless of what normalized flow rate the high-flow condition was
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Figure 6.15: Average data deviation from the normalized pressure data for each flow condi-
tion of each anode plotted against normalized mass flow rate. The mass flow rate has been
normalized by the maximum design flow rate for each channel. Error bars represent the
maximum repeatability error from the test campaign to provide a measure of uncertainty.

at). This then indicates that the Outer channel may produce flow uniformity around + 8%
at its highest flow rate if the trend continues as flow rate increases.

However, this figure also illustrates that the uniformity of the Inner and Middle channels
is roughly comparable, yet the Outer channel is systematically less uniform. This suggests
that either the construction of the Outer anode is out of specification, that the specific design
for the Outer anode is lacking (for instance, the hole spacing is improper), or that the drop-
in anode concept itself does not apply well to anodes of this size. Further investigation is
needed as the development of the X3 continues, but even the notably-higher non-uniformity

of the Outer anode falls within the stated acceptance criterion.

6.3.2.4 Conclusions

Much like the uniform results of the magnetic field mapping, the results of this flow mapping

indicate uniform propellant flow for all three anodes and do not provide any indication
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of an issue that would cause asymmetric anode heating. Each anode provided flow that
was satisfactorily uniform at its low-flow condition and displayed increased uniformity at
increased flow. A slight high spot was found on the Inner channel between 20°-50° at the
high-flow condition. Though this spot was detectable and repeatable, the variation still falls

well within the acceptability criterion for uniform flow.

6.4 Thruster Disassembly and Inspection at GRC

Following the detailed magnetic field and propellant flow mapping performed at PEPL,
we shipped the X3 to NASA GRC for further disassembly, inspection, and repairs. We
identified a number of improvements to make to the thruster, which we detail below. These
improvements were implemented before the thruster was assembled for high-power testing
at GRC.

Upon disassembling the thruster, we found a large number of arc marks on the outside
surface of all three channel cups. These spots often appeared as pock marks through the
aluminum oxide coating on these surfaces that exposed bare metal. They typically clustered
together, with as many as twenty such small marks grouped in a given location. The arc-
ing appeared to be occurring between the channel cup, which is at anode potential during
thruster operation, and the magnet bobbins, which are grounded through the thruster body.
A portion of these arcs were in the direct vicinity of thermocouples mounted to the magnet
bobbins facing the channel cup. On Magnet 5, one of the thermocouples had been completely
destroyed by what appeared to be repeated arcing between the channel cup and the bobbin.

After removing the anodes from inside the channel cups we discovered that a significant
number of the studs on the back of the anodes had cracked welds. Figure 6.16 shows
a photograph of one such cracked weld. Each anode features studs serving a variety of
purposes, including ones to mount the anode into its channel cup, ones for electrical power,

and ones for propellant. These studs are set in through-holes in the back plate of the anode,
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Figure 6.16: An example cracked anode weld found during the thruster inspection at GRC.

and the weld serves as the seal to keep propellant from leaking out. With these welds cracked,
sometimes badly enough that a gap was visible to the naked eye, propellant was free to leak
out of the backside of the anodes. The Inner anode showed no signs of cracking; the Middle
channel had cracks in approximately 40% of its studs; the Outer had cracks in approximately
90% of its studs.

We performed a benchtop leak test of each of the anodes in which the anodes were sealed
and pressurized with 1-2 psi of nitrogen. Leaks were identified with isopropyl alcohol, which
bubbled when applied to a leaking weld. All cracked welds produced bubbles and indicated
leaking. Because these studs all pass through the channel cup and into the thruster body
(for mounting or for electrical and propellant inputs), this leaking propellant was free to
enter the thruster chassis. Further inspection of the arc marks on the channel cups indicated
that a vast majority of them clustered around locations where anode studs passed through.
Leaks were likely creating localized pressure increases that caused the breakdowns. We

suspect that flaws in the channel cup aluminum oxide coating may have been exacerbating
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Figure 6.17: The suspected sequence of events in which the cracked anode studs caused arcing
inside the thruster chassis between the high-voltage channel cup and the grounded thruster
body. (a) The welds are cracked (b) Propellant leaks through cracks (c¢) The internal thruster
cavity pressurizes locally due to leaks (d) Arcing occurs between high-voltage channel cup
and grounded magnet bobbins.

the issue by creating areas where bare metal was exposed at high voltage. A series of
notional thruster diagrams illustrating the suspected mechanism is shown in Figure 6.17.
Additionally, propellant leaking from the back of the anode is not being used for thrust
generation. Though it is unclear when these leaks appeared, they are a likely mechanism for
some of the lower-than-predicted performance of the X3 during low-power testing.

We implemented two improvements to fix these issues. First, all anode welds were re-
paired by NASA GRC. The cracks were likely caused by stresses from thermal cycling of the

thruster during operation. These welds were significantly undersized from what was specified
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(a) Repaired weld. (b) Grafoil gasket.

Figure 6.18: Photographs of the two improvements made to the anode welds to minimize
propellant leaking. All studs were repaired in this fashion regardless of whether they were
cracked.

in the thruster design. Thus, even the welds that had not yet cracked were modified to be
brought to specification. Additionally, we created gaskets out of grafoil to be installed be-
tween the anode and the channel cup. These were intended to ensure the anode had a strong
seal against the channel cup that would be maintained at the high anode temperatures of
thruster operation. We present example photographs of both repairs in Figure 6.18.

In addition to these modification, we also removed all thermocouples from the magnet
bobbins and smoothed over their former locations to minimize sharp protrusions that could
induce arcing. We also crafted mica strips that were installed between the channel cups
and the magnet bobbins. These strips, which spanned the full length and circumference of
the magnet bobbins on both sides of each channel cup, used GRC best practices to increase
the isolation between the high-voltage and grounded portions of the thruster. A similar

technique was used on the NASA-173GT thruster [210]. In an effort to minimize outgassing
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during the high-power test, we sent these strips to be baked out in a vacuum furnace at 500
°C for four hours before installing them in the X3.

As will be demonstrated below, these repairs were very successful. After the GRC test,
which included short-duration operation to a maximum total power of 102 kW and three
near-continuous hours of operation at 80 kW, no evidence of internal arcing or propellant
leaks were identified. The mica sheets were mostly intact after the test except for two small
spots where they appeared to arrest a breakdown before it reached the grounded magnet

bobbin. Thus, these improvements will be maintained in the X3 for future operation.

6.5 Summary

Ultimately, no clear cause of the glow region was discovered. Both the magnetic field and the
propellant distribution were found to be satisfactorily uniform, and nothing in the thruster
disassembly and inspection provided any indication of a physical cause of the spot. This
inspection did yield a number of important improvements to be made to the thruster. These
included welds that required repairing as well as high-voltage isolation that required improve-
ment. We used best practices developed at GRC in previous high-power thruster testing to
solve these issues.

Further quantitative information about the spot is necessary to continue with diagnosing
its cause. Possible methods include a thermal camera inside the vacuum facility, which
would provide a temperature profile around the anode after thruster shut-down. A better
understanding of the severity of the temperature difference will help to inform any future

work to investigate its cause.
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CHAPTER 7

High-Power Performance

“To conceive of an airplane is nothing, to make an airplane s little, but to try it
out and fly, that is everything.”

— Otto Lilenthal, German glider pioneer [211]

7.1 Introduction

The next phase of X3 characterization occurred in NASA GRC’s VF-5, which features a
pumping speed capable of maintaining acceptable facility background pressure during X3
operation up to 250 A discharge current and in excess of 100 kW discharge power. We
describe this test in two chapters. The first (here) describes the performance of the thruster
as measured with the thrust stand, and the second describes the efficiency analysis using
the plasma diagnostics as well as the detailed discharge current oscillation analysis using the
high-speed camera. In this chapter, we present the thrust, specific impulse, and efficiency of
the X3 up to 102 kW total power in Section 7.2. We also present a comparison of operation in
single-channel and multi-channel configurations. In Section 7.3 we discuss the implications of
these results, including how they compare to previous X3 results and those from other NASA
high-power Hall thrusters, as well as possible mechanisms for the multi-channel results we

observed.
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7.2 Performance Results

We successfully operated the X3 across a throttle table spanning 300-500 V discharge voltage
and three current densities. Using the middle value as reference, these current densities were
0.63, 1.00, and 1.26 the reference value. All seven possible thruster configurations (I, M,
O, IM, IO, MO, and IMO) were fired at each discharge voltage for the 0.63j,..; and 1.00 .
conditions. Additional test points were collected at 300 V and 400 V at the 1.26j,., condition,
bringing the total unique test conditions to 46 for this performance characterization. For all
test points, all firing channels were held at the same discharge voltage and current density.
We designed the test matrix to study the performance trends with both discharge voltage
and current density, as well as to study how the performance varies for different channel

combinations at fixed values of these parameters.

7.2.1 Thruster Operation

For all performance measurements here, the thruster was allowed to settle until the mean
discharge current of each channel was stable and drifting no more than 0.01 A/min. We did
not allow the thruster to come into thermal steady state during these measurements due to
the length of time necessary to thermally soak the thruster (expected to be in excess of 6
hours depending on the operating point). This concession is one made previously with large
high-power Hall thrusters [10]. Although we did not operate the thruster in thermal steady-
state, hours-long continuous operation at 50 and 80 kW indicated thruster performance and
behavior was not changing significantly during thermal soaking. We did, however, thoroughly
bake out each channel at a given power level prior to any performance measurements at that
power level. This incremental bakeout process was used to limit the risk from high-power
operation. At each new discharge voltage/current density condition, the thruster would
experience an initial period of discharge current instability associated with moisture and

other contaminants outgassing from the channel walls and other thruster components. Each
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channel was fired individually until this behavior passed (typically on the order of an hour
at a new condition, but three to four hours the first time the thruster was fired after being
exposed to atmosphere), and then we conducted performance measurements.

At each condition, we performed limited magnetic field sweeping before collecting the
performance data, varying the magnetic field strength while maintaining the field shape as
described previously. The anode flow rate was held constant during the sweep and was
then adjusted as needed after the sweep was complete. During a sweep, thruster discharge,
oscillation, and performance parameters were monitored. The optimal field strength for a
given condition was that which provided the minimum discharge current. Typical sweep
ranges were from 0.8 to 1.3 the same reference field strength B,,, used in Chapters 5 and
6. Previous field sweeps performed during the low-power characterization 2 described in
Chapter 5 were more extensive, and because the sweeps during this campaign matched the
trends of the previous results we did not extend our range here. The reference field strength
was the same for each channel and did not vary between single- and multi-channel conditions,
although the magnet coil current ratios had to be modified in multi-channel operation, as
explained in Reference [205]. Optimized field strengths across all conditions did not vary by
more than 30%.

Due to the complexities involved in multi-channel magnetic field optimization (where the
field of each channel affects the others [205]), only minimal efforts were undertaken for multi-
channel conditions. Typically, multi-channel conditions were simply operated at or near the
optimum magnetic field strength found for single-channel operation at the given discharge
voltage and current density. The field strength was kept constant for all firing channels for
multi-channel operation. Because of this, we speculate that further performance optimization
through magnetic field tuning may be possible for the multi-channel conditions, as will be

discussed below.
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7.2.2 Thruster Performance

Thruster performance is evaluated here using both anode and total quantities. The anode
values provide an opportunity to compare thruster behavior while removing the electromag-
nets and cathode, neither of which has a design optimized for flight, and the total values
provide insight into how the X3 thruster will fit into the XR-100 system. Anode and total
efficiency and specific impulse calculations are described in Chapter 2. Thruster telemetry
values used in these calculations were averaged over a 60-second period.

The uncertainty in the thrust measurement was the dominant contribution to the un-
certainty in efficiency and specific impulse calculations. Because the thrust uncertainty
increased at lower thrust values (due to the constant-value uncertainty from the inclination
resolution), lower-power conditions typically had slightly larger uncertainties in efficiency
and specific impulse as well. Average uncertainties for specific impulse were + 40 s and for
efficiency were + 0.04. Inner channel conditions typically were closer to + 100 s and + 0.06
because of their higher relative thrust uncertainty. These uncertainties are reflected in the
error bars on the plots below.

Figure 7.1 presents thrust as a function of discharge power. For the conditions tested,
the X3 produced a maximum thrust of 5.42 N + 0.1 N at 98.4 kW discharge power (400
V, 247 A). At 101 kW discharge power (500 V, 201 A) the X3 produced 5.03 N + 0.1 N.
At a fixed discharge voltage, the X3 operated at a similar thrust to power ratio (T/P) in
each of the seven channel combinations. Average T /P values are plotted alongside the data
in the figure and are compared to those of other NASA high-power Hall thrusters in Table
7.1. As shown in the table, the average T /P results are slightly improved over those of other
high-power Hall thrusters, indicating that the X3 is operating as designed. These results
also demonstrate that the T /P value attained is not dependent on the channel combination.
This was not the result seen during previous low-power, low-current density operation of the
X3 at PEPL [212]. We discuss potential reasons for this improved performance below.

Figure 7.2 shows anode and total specific impulse as a function of discharge power.
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Figure 7.1: X3 thrust versus total discharge power. Error bars are plotted for all test points;
for all but the highest-thrust measurements, these error bars are within the size of the marker.
Lines of average thrust to power ratio for each discharge voltage are also plotted.

Table 7.1: The average thrust-to-power values for the X3 and other NASA high-power Hall
thrusters for each discharge voltage tested.

V, | NASA-457Mvl NASA-400M NASA-300M X3 NHT
300 V| 57.8 mN/KW  59.0 mN/KkW 63 mN/kW  64.9 mN/kW
400 V| 51.9 mN/kW  49.7 mN/kW 56 mN/kW  56.6 mN/kW
500 V| 472 mN/kW 474 mN/kW 50 mN/kW  51.0 mN/kW
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Figure 7.2: X3 specific impulse as a function of discharge power for different discharge
voltages: (a) anode and (b) total values. Error bars indicate the statistical uncertainty in
the measurement for each point.

Table 7.2: Comparison of anode specific impulse ranges at different discharge voltages from
the X3 and other NASA high-power Hall thrusters.

Vo | NASA-457Mvl NASA-400M NASA-300M X3 NHT
300 V| 1750-2100s 17002100 s  1900-2200 s 19302150 s
400 V| 2100-2400 s 2000-2600 s 2200-2600 s 2190-2470 s
500 V| 2400-2750 s 2500-3000 s 25002900 s 24802840 s

We found that the anode specific impulse for the conditions tested ranged from 1930-2150
seconds (+ 50 seconds) for 300 V, 2190-2470 seconds (+ 50 seconds) for 400 V, and 2480-2840
seconds (+ 60 seconds) for 500 V, and that except for a low-power drop off, specific impulse
for a given discharge voltage were roughly constant. This trend was true regardless of channel
combination. Because of the large number of channel combinations for the X3, these different
configurations are not noted in these figures for clarity. The X3’s values match those found
for other high-power Hall thrusters, as shown in the anode specific impulse ranges presented

in Table 7.2.

207



Table 7.3: Comparison of anode efficiency ranges at different discharge voltages from the X3
and other NASA high-power Hall thrusters.

Vs | NASA-457Mvl NASA-400M NASA-300M X3 NHT range X3 NHT avg.

300 V 0.50-0.57 0.55-0.59 0.60-0.67 0.62-0.71 0.66
400 V 0.53-0.60 0.60-0.65 0.55-0.73 0.63-0.71 0.66
500 V 0.46-0.65 0.66-0.71 0.60-0.73 0.58-0.72 0.68

Table 7.3 presents the anode efficiency ranges and averages for the X3 versus discharge
voltage, as well as ranges for other high-power Hall thrusters. Anode efficiency is used for this
comparison because total efficiency values were not published for all other thrusters. It can be
seen that the average efficiency of the X3 trends upwards with increasing discharge voltage, a
trend shared with the other thrusters. In addition, the efficiency at a given discharge voltage
increases from the NASA-457Mv1 to the NASA-400M to the NASA-300M. This is due to
the fact that each subsequent thruster benefited from lessons learned from the prior designs.
For example, the NASA-400M implemented an improved magnetic field design based on
the development of the NASA-457Mv1 and NASA-173M that was intended to improve the
efficiency of its operation [3,79].

During this test, the X3 operated at a peak total efficiency of 0.64 = 0.03 at 400 V and
0.67 + 0.03 at 500 V. In general, the total efficiency was approximately 0.05 lower than anode
efficiency regardless of operating configuration, as can be seen in the throttle tables presented
in Appendix C. For reference, the NASA-300M demonstrated peak total efficiencies of 0.67
at 400 V and 0.66 at 500 V. Thus, it is apparent that the X3 is operating at the state of the

art, and continued magnetic field optimization may even further increase these values.
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7.2.3 Comparison of Single-Channel and Multi-Channel Opera-
tion
7.2.3.1 Performance

With three discharge channels operating in close proximity, there is the expectation that
coupling between the channels could effect performance. Indeed, previous experiments with
the X2 6-kW two-channel thruster demonstrated increased thrust of up to 11% when firing
both channels simultaneously as compared to the sum of each channel firing individually.
A recent test campaign by Georgin [187] and Cusson [204] investigated this phenomenon
in more detail and found that the thrust increase was replicated when flowing propellant
through the non-firing channel in single-channel mode. They attributed this effect, and the
changes observed in the plasma that they found to be causing the increase in thrust, to be
due to the change in the neutral pressure field close to the thruster caused by the flow from
the adjacent channel. Beal identified similar trends in a cluster of 200-W Hall thrusters,
finding that a single thruster could couple normally with a cathode on the other side of
the two-thruster cluster if propellant was flowing through the intermediate thruster [213].
Plasma plume measurements suggested that this extra neutral flow was likely improving
electron transport across field lines via collisional effects. Unfortunately, thrust was not
measured in that study, so it is unclear whether there was a performance effect due to the
increased local neutral pressure.

We operated the X3 in its single- and three-channel configurations for seven different
combinations of discharge voltage and current density. Figure 7.3 presents the thrust pro-
duced by the X3 at each of its IMO-configuration points alongside the summed thrust from
the I, M, and O configurations at the same conditions. Error bars reflect the thrust mea-
surement uncertainty for each point, typically around 2%. We found that the summed I, M,
and O conditions often produced slightly more thrust than the IMO condition, but that in

general the measurements matched to within their uncertainty. A discussion of these results

209



55

451

Thrust, N
N
HOHEH

35F

257 g & sumofl,M, 0l |
& MO

30 40 50 60 70 80 90 100 110

Discharge Power, kW

Figure 7.3: Comparison of three-channel thrust and summed single-channel thrusts at the
same discharge voltage and current density for the X3.

and their significant in the context of these previous results by Georgin, Cusson, and Beal,

is presented in Section 7.3 below.

7.2.3.2 Oscillatory Behavior

Discharge current oscillations have been shown to affect Hall thruster performance [48] and
their effects have been proposed to have roles in thruster processes such as anomalous trans-
port [49,50] and cathode erosion [51]. Work has shown that the magnetic field strength is a
major driver of oscillation strength and character in unshielded Hall thrusters [48]. Charac-
terizing discharge current oscillations was an important part of understanding operation of
the X3.

We collected peak-to-peak (P2P) and root-mean-square (RMS) measurements of the dis-
charge current oscillations during this performance mapping campaign. These measurements
were made by the current guns and oscilloscopes described above in Chapter 4 and read by

the data logger during telemetry measurement cycles. The values presented here are aver-
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aged over the same 60 second period as the telemetry used in the performance calculations.
For simplicity, only the P2P values are presented. The RMS values showed similar trends
between conditions but in all cases were a smaller percentage of the mean discharge cur-
rent. Figure 7.4a presents the P2P values normalized by their respective channel’s mean
discharge current. Single- and multi-channel conditions are indicated by closed and open
markers, respectively. Figures 7.4b-d show the average values for each channel in single-
and multi-channel operation for each discharge voltage tested. The error bars on the bar
charts represent the standard deviation of the values for each case.

The figures show that P2P values for all three channels were less than 40% for single-
channel operation at all discharge voltages. The Outer channel’s oscillation strength typically
was unchanged or grew slightly in multi-channel operation but remained below 50% for all
but a single condition (at 500 V). The Middle channel’s oscillation strength grew slightly
more in multi-channel operation, rising to an average of about 50% for 300 V and 400 V and
closer to 75% for 500 V. The Inner channel experienced the largest difference in oscillation
strength between single-channel and multi-channel operation, rising from a single-channel
average less than 40% the mean values (comparable to other two channels) to a multi-channel

average approximately 70% at 300 V and 400 V and an average approaching 100% at 500 V.

7.2.3.3 Cathode Coupling

Another metric to compare the operation of the X3 in single-channel and multi-channel
modes is the cathode-to-ground voltage (V,,). Hall thruster cathode-to-ground voltage is
typically between 5 and 30 V below facility ground, and is a metric of how well the thruster
is coupling to the cathode [214-216]. Values of V., that are smaller (less negative) are
indicative of improved coupling, and these smaller values allow for more of the thruster
discharge voltage to be available for ion beam acceleration. Substantial differences in V.,
between single- and multi-channel conditions for the X3 would indicate that the thruster

is coupling to the cathode differently between these conditions. Figure 7.5 presents V., for

211



15 : : : : : 1

® Inner Single [ Single Channel
= MiddleSingle 0.9+ [ Multi Channel
A Outer Single
o O Inner Multi 0.8F
o o Middle Multi
o A i
. ° Outer Multi 07
o o o 06
o [e) -
= o o =
. o =
_& o o ° o . & 0.5
o, ° a 04t
05+ o a |
[ o o 0.3r
& A A
.“ | | OA pA R A
> £xLr B A 0.2
Son gk S8,
A 0.4}
0 . . . . . 0 !
0 20 40 60 80 100 120 Inner Middle Outer

Discharge Power, kW

(a) P2P versus discharge power for all test condi- (b) 300 V average P2P values for each channel in
tions. single- and multi-channel operation.

151
[ Single Channel [ Single Channel
I Multi Channel I Multi Channel

[
T

IP2I~JId

0.5f
0.3}

0.2}

0.1}

Inner Middle Outer Inner Middle Outer

(c) 400 V average P2P values for each channel in (d) 500 V average P2P values for each channel in
single- and multi-channel operation. single- and multi-channel operation.

Figure 7.4: Peak-to-peak discharge current oscillation values normalized by the mean dis-
charge current for that channel: (a) versus discharge power for all test conditions and average
values for each channel in single- and multi-channel operation for (b) 300 V operation, (c) 400
V operation, and (d) 500 V operation, respectively. Error bars on the bar charts represent
standard deviation of data.
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Figure 7.5: Cathode-to-ground voltage versus discharge power for all test conditions. Single-
and multi-channel conditions are noted by square and circle markers, respectively.

both single- and multi-channel X3 operation as a function of discharge power. The TCFF
was held at 7% of the anode flow for all test points here except one; this test point, at
5%, featured a V, of ~10.9 V, no different than the rest of the conditions. The data show
that V., varied between -8 and ~14 V across all conditions and power levels tested here,
demonstrating no difference between single- and multi-channel operation and demonstrating

no trend with discharge power.

7.3 Discussion

7.3.1 Performance

The X3 was designed to leverage the physical insight and lessons learned from previous NASA

single-channel high-power Hall thruster development. The results presented here indicate

213



that this effort was successful. The X3 demonstrated T/P, efficiency, and specific impulse
values that are comparable or in excess of that family of high-power Hall thrusters and that
showed similar trends with discharge voltage and power. The thrust was approximately
linear for a given discharge voltage, and average T/P values matched those of the NASA-
300M. Specific impulse was generally constant for a given discharge voltage, except at low
powers. This trend is likely attributable to the fact that Hall thruster performance decreases
at low current densities. The lower-specific impulse conditions for the X3 were at the lowest
current density, 0.63j,r. The NASA-300M showed similar trends in specific impulse with
discharge power (for fixed discharge voltage). All of these results indicate that the NASA-
style Hall thruster scaling as developed by NASA GRC is applicable to the NHT configuration
with equal success as was achieved with single-channel Hall thrusters, regardless of channel
combination. These results differ from those of low-power characterization 1 from Chapter 5,
which indicated that the Middle and Outer channels were under-performing expected values.
We speculate that the improved performance here is a product of one or more factors. These
include improved magnetic field settings as a result of a more thorough modeling effort [205],
a number of thruster modifications made as part of the preparation for this risk reduction
test, and the improved background pressures in VF5.

In addition to the high performance across the throttle table, these results represent a
number of new achievements for laboratory Hall thruster operation. To date, the NASA-
457Mv1 thruster demonstrated the highest total power operation (96 kW), the highest dis-
charge current operation (112 A), and the highest thrust recorded (3.3 N), all reported by
Manzella [11]. Here we demonstrated the X3 at different conditions to 102 kW total dis-
charge power and 247 A total discharge current, and recorded a maximum thrust of 5.42 N
(at 99 kW, 400 V).

The X3’s demonstrated performance and extended Hall thruster power, discharge cur-
rent, and thrust operating envelopes have important implications for the application of Hall

thrusters to forthcoming missions. As discussed in Chapter 3, the need is apparent for elec-
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tric propulsion systems operating at power levels in excess of 300 kW and specific impulses
of 1500-3000 seconds, and that modeling work suggests that these systems should consist of
individual thrusters on the order of 50-100 kW to minimize both system cost and mass. Our
results demonstrate for the first time NHT operation at 100 kW. Although the X3 has yet
to be throttled up to its full design power of 200 kW, these results have further implications
beyond simply demonstrating 100-kW operation. The NASA-457Mv1 100-kW operation
was at 845 V discharge voltage, providing a total specific impulse of 3460 seconds, and a
total efficiency of 0.58. The 100-kW operation of the X3 here was at 400 V and 500 V dis-
charge voltage and demonstrated total efficiency of 0.63 at both points. This lower-voltage
operation provided total specific impulses of 2340 s at 400 V and 2570 s at 500 V, values
squarely within the 1500-3000 second range identified by mission planners as ideal for cargo
tugs and crew transport to destinations such as Mars [31,133]. With these results, the X3
has demonstrated that Hall thrusters—and more specifically NHTs—are a viable propulsion

option for upcoming high-power space missions of many types.

7.3.2 Multi-channel Operation Effects
7.3.2.1 Performance

There remain open questions regarding how the channels of NHTs interact with and affect
one another while operating simultaneously. These data provide a certain amount of insight
to these potential mechanisms. One possible manifestation of channel interaction would be
in the performance: adjacent channels firing simultaneously could perhaps cause an increase
or decrease in thruster performance due to localized effects. However, these data suggest
that this is not occurring significantly with the X3, and that for a given discharge voltage
and current density, each channel combination produces comparable performance. This is
in stark contrast to previous work with the X2 6-kW NHT, which showed a thrust boost of
5-11% in dual-channel mode, a boost that would be well outside of the uncertainty of the

measurements here. There are a number of possible explanations for this behavior:

215



1. We operated the X3 here in a constant-discharge current manner, adjusting the mass
flow to achieve the target discharge current. This was selected due to the range of
background pressures experienced during typical X3 operation. By throttling to target
discharge currents, any background ingestion experienced by the thruster is accounted
for and more direct performance comparisons can be made. Georgin and Cusson ran
the X2 in a constant-mass flow manner for their work and did not report on thruster
ingestion or changes in discharge current due to this effect, so it is unclear what role
this may have had on their results. Liang, however, found the 9% thrust boost in his
tests for constant mass flow rate (and background pressure) accompanied negligibly-
small discharge current changes due to ingestion, so we suspect that our controlling

for this does not account fully for the X3’s behavior.

2. For single-channel operation, we only powered the magnets for the channel that was
firing. This is different than work with the X2, where all four magnets of the thruster
were left on throughout the test. Because we tuned the field strength at each condition,
it is possible that we have obscured a trend that would be present if we operated the X3

such that magnetic fields were kept constant throughout I, M, O, and IMO operation.

3. The X3’s cathode features downstream neutral injectors, as discussed in Chapter 4.
These injectors were flowing at least small amounts of xenon during all M and O
operation and during some I operation. Both the X2 work and Beal’s work with
thruster clusters demonstrates that neutral flow plays a large role in the behavior of
multiple Hall thruster discharges in close proximity. Additional work by Brown has
shown that near-cathode neutral injection can stabilize Hall thruster discharges [106].
A possible explanation for the X3’s lack of apparent thrust boost is that the cathode
neutral injectors are acting in a similar fashion to the neutral propellant that both
research teams flowed through their non-firing anodes. The enhanced neutral pressure

in front of the X3 due to these injectors may be affecting the discharge in the same
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way, thus actually raising the single-channel performance to match that of the IMO
condition, which experiences the multi-channel enhanced neutral pressure similar to

the X2.

4. The X2’s channels are scaled differently than those of the X3. It is possible that NASA-
style Hall thruster scaling is less susceptible to these effects, or that another difference
in design of the thrusters (unrelated to channel scaling) makes the X3 impervious to

the effects observed on the X2.

Uncertainty of the measurements aside, it appears that the IMO condition produced less
thrust than the sum of the I, M, and O conditions for certain cases, opposite the trend found
with the X2. However, we expect that this is a product of magnetic field settings and not
some kind of multi-channel loss mechanism at work. Because the single-channel conditions
generally went through more rigorous magnetic field optimization than what was done for
the IMO condition, it is not surprising that these conditions were producing slightly more
thrust. We suspect that additional magnetic field tuning would bring the thrust of the IMO
conditions up to match the sum of the single-channel thrusts. Further work, including more
detailed magnetic field optimization, mapping the pressure field in front of the thruster with
the injectors flowing, and operating the X3 in a similar manner as work with the X2, is

necessary to fully explore this behavior.

7.3.2.2 Oscillatory Behavior

Another mechanism of communication between channels is through the oscillations. As we
show in Figure 7.4, the peak to peak oscillations vary between single- and multi-channel
operation for the Inner channel and to a lesser extend the Middle channel, yet stay roughly
constant for the Outer. Potential explanations for this include a background pressure effect,
a channel-coupling effect, or a magnetic field effect. There were large changes in facility

background pressure between the single- and multi-channel conditions (up to 2x for the Outer
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channel between O and IMO operation and up to 6x for the Inner channel between I and
IMO operation), though previous work with the HGMS and the HERMeS thrusters [63,111]
has demonstrated that for those thrusters, oscillation strength was not strongly affected
by changes in background pressure (though this was not the case for the H6MS with an
externally mounted cathode). The cathode P2P value typically matched the largest P2P
value from whichever discharge channel(s) were firing. When the Inner channel is operating
in any multi-channel condition, it is thus typically coupling to a cathode with a larger P2P
value. For instance, at a typical 1.0/, condition, the Outer channel would be operating at
110 A discharge current and approximately 30-40 A P2P and the Inner would be at 26 A
discharge current. What effects there may be from a 26-A discharge coupling with a cathode
oscillating at 40 A P2P are unclear. Finally, the magnetic fields changed between single-
and multi-channel operation. This effect is explored in work by Cusson [205]. Compared
to single-channel operation, the Outer channel’s electromagnets operate at nearly the same
settings in multi-channel operation. However, the magnet current ratios for the Inner and
Middle channels change significantly between these conditions due to the way that magnetic
flux is shared among the magnetic circuit of the thruster.

To explore this phenomenon, we operated the Inner channel alone at 500 V, 0.63j,..r
at the IMO magnetic field condition (that is, with all six electromagnets on, set to the
same conditions used during IMO thruster operation, with with no propellant or discharge
power applied to the Middle and Outer channels). The resulting P2P strength is presented
in Figure 7.6, compared against the results from single-channel operation (with only the
Inner channel magnets on) and from IMO operation (with plasma discharge from all three
channels). The result is striking. When the Inner channel is operated in the IMO-field
condition, it exhibits oscillations that are much stronger than when it is operated in the
I-field condition. This IMO-field condition was at the same facility background pressure as
the I-field condition, eliminating this as a potential mechanism for the increased oscillation

strength. This condition was also without the other channels firing, eliminating any cross-
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Figure 7.6: The discharge current P2P oscillation strength (normalized by the mean discharge
current) for the Inner channel operating at 500 V, 0.63j,.; in the I and IMO configurations,
compared against results from firing only the Inner channel with the IMO magnetic field (at
the same field strength as the other two conditions).

channel coupling mechanism and the cathode-oscillation coupling as mechanisms.

This is only a single test point, but the implications are still clear. As explained by
Cusson [205], the magnetic field topology in a NHT such as the X3 can be tuned between
single- and multi-channel operation such that the same plasma lens shape is present for
all conditions. However, if there are slight differences in the plasma location in a given
discharge channel between magnetic field configurations, it is possible that the plasma-wall
interaction is playing a role in the discharge oscillations. We found at times during multi-
channel operation that the Inner and Middle channels had areas of deposited carbon on the
discharge channel walls that were glowing orange, indicating that plasma was impinging on
the walls in a location different than during single-channel operation when these bands were
established. At times of intense burn-off, the discharge current oscillations grew very large.
Though we made an effort to minimize or burn off these spots before taking performance

measurements, this change in plasma location could still be contributing to the change in
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oscillation character through these wall effects.

If the increased oscillations were solely due to a transient wall effect (e.g., wear-band
burn off), it is expected that the oscillations would settle over time. Near the end of the test
campaign at GRC we operated the X3 in a small number of longer-duration firings in the
IMO configuration: two at 50-kW total discharge power (400 V, 0.63j,.r) and one at 80-kW
total discharge power (400 V, 1.0j,.r). During these firings the X3 was operated at fixed
settings for 2-3 hours. An example of the change in P2P strength with time during one of
the 50-kW runs is plotted in Figure 7.7. The data demonstrate that there is a certain level of
reduction of oscillations for the Inner channel over the first 90 minutes of thruster operation
before they level off to a value around 0.85 of the mean discharge current. However, the
seemingly steady-state value of the oscillations for the Inner channel is still over double that
of the Middle and Outer channels, which for this particular condition are each at around
0.4 of their respective mean discharge currents. This indicates that although there is likely
a certain amount of plasma-wall interaction and transient wear-band burn-off artificially
inflating the oscillation values in multi-channel operation there is still another mechanism
causing these oscillations to be larger that does not go away with time. For reference, the
Inner operating in the I configuration at this discharge voltage and current density exhibited
a Ipyp/1; value of 0.293, well below the steady-state value seen here.

There are a number of possibilities for mechanisms causing this phenomenon. For in-
stance, it is possible that the different field ratios for the Inner and Middle channels during
multi-channel operation resulted in a change in I-B characteristic [48], and that a change in
field strength on those channels would have reduced the oscillations. The need is apparent
for further work characterizing these oscillations with magnetic field strength and operating
condition, as well as further understanding of the shape and location of the plasma inside the
discharge channel during various X3 operating conditions. Ultimately, although the Inner
and Middle channels experienced elevated multi-channel oscillations, none of the X3’s P2P

oscillations fell outside of the range typically seen by Hall thrusters [178].
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Figure 7.7: The discharge current P2P oscillation strength (normalized by the mean discharge
current) for all three channels as a function of time during a long-duration firing at 50-kW
total discharge power.

7.3.2.3 Cathode Coupling

One more potential mechanism through which the channels of an NHT may affect each other
or differ in operation at a given condition is through coupling to the cathode. However,
the X3 data suggest that cathode coupling was consistent across all conditions and power
levels tested, indicating that cathode coupling is not a function of channel combination or
power level. One possible explanation for this is related to the discussion of multi-channel
performance above. The increased neutral flow near the cathode (via the external cathode
injectors) may be responsible for enhancing cathode coupling in a manner similar to that
described by Beal [213]. Because of the way the channels are scaled, the larger the channel,
the more auxiliary flow needed during operation to provide the proper TCFF. This increasing
neutral flow field in front of the thruster may be enhancing the cathode coupling for larger
channels and overcoming potential negative effects such as distance between channel and
cathode. Further work, including firing the larger channels without auxiliary flow, may help

identify this mechanism.
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7.4 Summary

We successfully measured the performance of the X3 for a range of conditions spanning total
power levels from 5 to 102 kW. These conditions consisted of discharge voltages from 300 to
500 V and current densities that were 0.63, 1.00, and 1.26 of a reference value. The seven
channel combinations of the thruster were throttled across this range of settings. For each
test point, we directly measured thrust using a high-power inverted-pendulum thrust stand,
and from those thrust measurements and thrust telemetry, we calculated specific impulse
and efficiency values. We collected measurements of the discharge current oscillations at
each point to assess thruster stability.

Our results demonstrated that a three-channel 100-kW class NHT can offer comparable or
even improved performance over high-power single-channel thrusters. The X3 demonstrated
total efficiencies ranging from 0.54-0.67 and total specific impulses from 1800-2650 seconds,
experiencing the peak efficiency at 500 V discharge voltage. Additionally, the results indicate
that none of the available channel combinations were significantly over- or under-performing
the rest, demonstrating comparable specific impulse and efficiency at a fixed discharge voltage
and current density. The sum of the single-channel thrusts generally was not significantly
different than the three channels operating together for a given discharge voltage and current
density, a surprising result that differed from previous NHT testing.

Discharge current oscillation measurements showed that the oscillation strength did not
vary significantly between single- and multi-channel operation for the Outer channel. How-
ever, the Middle and Inner channels both showed increased oscillation strength during multi-
channel operation, with the Middle increasing from approximately 25% in single-channel op-
eration to approximately 50% in multi-channel operation and the Inner increasing similarly
from approximately 25% to approximately 75%. We performed a limited exploration of this
phenomenon and found that the Inner channel exhibited elevated oscillation strength while
operating on its own but with the IMO magnetic field settings (that is, all six electromagnets

on as they would be for IMO thruster operation). Though these results are not conclusive

222



and a more extensive study is warranted, they provide insight into the mechanisms that may
be causing this behavior.

The X3 demonstrated new levels of Hall thruster power (102 kW), thrust (5.4 N), and
discharge current (247 A). These results demonstrate the capability of Hall thrusters and
NHTs for cargo and crew transport applications and show that the X3 represents a significant

milestone on the roadmap to Mars.
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CHAPTER 8

High-Power Diagnostics

“The light emanating from a space shuttle launch s different in color, quality, and
intensity from any other kind of light. Photographs and videos can only approximate
it, can only serve as a souvenir to the odd sensation, the combination of beauty and
near-painfulness of that specific brightness in the sky.”

— Margaret Lazarus Dean [217]

8.1 Introduction

This chapter presents the detailed diagnostic data from testing at GRC. In Section 8.2 we
discuss the average efficiency results of the X3 and trends with discharge voltage and current
density. We also compare these results and trends to those from the NASA-300M 20-kW Hall
thruster. Next, we study in more detail how each channel combination of the X3 operates
in Section 8.3. This includes accounting for cross-channel ingestion effects as well as facility
ingestion effects. Finally, we provide detailed high-speed diagnostics results in Section 8.5.
These include typical high-speed camera results, atypical results, and a discussion of the
implications of these results. We then demonstrate that the high-speed discharge current

analysis captures the same results, validating the high-speed camera analysis.
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8.2 Average Phenomenological Efficiency Results

The far-field plasma diagnostics described in Chapter 4 were used to calculate the four
limited-diagnostics utilization efficiencies as described in Chapter 2. These efficiencies pro-
vide insight into overall efficiency of the thruster via the plasma processes at work within
the discharge. For the X3, these quantities can also be used to further study the way the

various channel combinations of the thruster differ (or not) in operation.

8.2.1 On Not Correcting for Facility Ingestion and NHT Effects

As discussed above in Chapter 2, it is possible to correct the anode efficiency for facility
ingestion. However, in practice this is more of an academic exercise than one that uncovers
hidden phenomena in thruster operation. This is because an increase in anode flow rate
produces an increase and facility background pressure, and thus in ingestion, meaning that
the ingestion stays roughly the same fraction of the anode flow rate. As such, it is expected
that 14y Will be roughly constant across all conditions, and thus represent a linear offset
in the data. Indeed, in calculating 14y using the background flow model, we find that
the average value across all test conditions during the high-power campaign was 0.013 with
a standard deviation of 0.001, indicating that the value did not vary much. The slight
variation in values was likely due to the exact facility conditions for the day. Additionally,
because this correction is not typically undertaken in the literature, comparison with other
thrusters will be more complicated with this facility ingestion correction applied. As such,
we simply note the rz, value but do not correct anode efficiency n, for the following sections
studying trends with discharge voltage and current density, and for the comparisons to the
NASA-300M thruster.

We also choose not to explicitly correct for NHT ingestion effects for these average com-
parisons. The thruster was not operated in the perfectly controlled manner discussed in

Chapter 2, meaning that background pressure-based effects on thruster oscillation mode and
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acceleration region location are likely captured artificially in an nygr calculation. Addition-
ally, as we discussed in Chapter 2, this cross-channel ingestion will be present on-orbit and
thus is a fundamental component of device operation and should not be removed or cor-
rected for. However, in the section below comparing the performance of the various channel
combinations, it is necessary to at least extract and study this factor to understand its role
in thruster operation. Thus, for the first section of this chapter we will not account for these

factors, but in the second section we will.

8.2.2 Trends with Discharge Voltage

We begin the phenomenological efficiency analysis with a study of how the efficiencies trend
with discharge voltage. To do so, the values are averaged over all discharge currents and all

channel combinations for a given discharge voltage. That is,

1 (Va) = Z Z Nx.jc (Va), (8.1)
7 C

where 77 is the average utilization efficiency x (e.g., anode, charge, voltage, etc.) for discharge
voltage V,, j is the current density (e.g., 0.63j..r, etc.), and C is the channel combination
(e.g., I, M, etc.). This averaging technique obscures trends with discharge current density
and channel combination, but these will be studied separately in detail below.

Figure 8.1 presents these averaged values versus discharge voltage. As can be seen, the
anode efficiency increases with increasing discharge voltage as previously shown in Chapter 7.
The utilization efficiency with the lowest magnitude is 1,4, which matches results seen with
other thrusters [79], and it trends upwards with increasing discharge voltage, contributing
to the increase in anode efficiency. Divergence-weighted mass utilization efficiency, voltage
utilization efficiency, and charge utilization efficiency are all greater than 0.90 for all condi-
tions. Voltage utilization efficiency increases with increasing discharge voltage, an expected

result because the loss voltage in a Hall thruster is typically invariant with discharge voltage
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Figure 8.1: The average utilization efficiencies versus discharge voltage for the X3. Error
bars represent the standard deviation of the averaged data, which for all cases was smaller
than the statistical uncertainty (which was omitted for clarity). Error bars on 7, are smaller
than the markers.

and thus represents a smaller percentage at higher values of V,;. Charge utilization efficiency
decreases slightly with increasing V,, indicating an increase in the population of multiply-
charged ions at higher discharge voltages. This is a trend seen with the NASA-400M [76]
and the NASA-173M [79] thrusters. Finally, 17,,; decreases with increasing discharge voltage,

but overall the increase in n, and 7, is greater than this decrease and anode efficiency still

increases with V.
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8.2.2.1 Comparison with NASA-300M

To continue with the comparisons to other high-power Hall thrusters that were made for the
performance metrics in Chapter 7, we compare the X3’s phenomenological efficiency values
and trends to those of the NASA-300M, which is the only of the NASA high-power Hall
thrusters to have its plume thoroughly studied in this manner. These results are presented
by Huang in Reference [108]. The NASA-300M is also the most state of the art of the series
of thrusters, incorporating all of the lessons learned from the previous thrusters (lessons ap-
plied to the design of the X3 as well). In the NASA-300M study the plume was thoroughly
interrogated using a full suite of plasma diagnostics, including not only an RPA, LP, and
WFEFS like those used on the X3 but also a radially-swept Faraday probe. This provided the
researchers with information on the Iz cos 6 term of the efficiency analysis which was missing
from X3 analysis, and thus they were able to calculate all five utilization efficiencies sepa-
rately. To make the comparison to the X3 data, we took the published data and calculated

values for n,,; and 1, in the following manner:

Mmd,300M = Tm,300MV1d,300M (8.2)
and
Mbd,300M = T1b,300M N11d,300M > (8.3)

where 153000, Mm300m and 14300 are the current utilization, mass utilization, and divergence
utilization reported for the NASA-300M. We then averaged these values for discharge voltage
in a similar fashion as the X3 data.

First we present anode efficiency, which indicates how the thrusters are performing rela-
tive to each other. As can be seen in Figure 8.2, the anode efficiencies derived from thrust
measurements for both thrusters track closely together with increasing discharge voltage.

The X3 performed approximately 0.01 higher at 300 V and 500 V, while the NASA-300M
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Figure 8.2: Anode efficiency as a function of discharge voltage for the X3 and the NASA-
300M. Anode efficiency was calculated for the NASA-300M using both the thrust stand
(like the X3) and with the plasma probes. Error bars on the X3 data reflect the standard
deviation of the averaged points.

performed approximately 0.02 higher at 400 V. For both thrusters, anode efficiency increased
for increasing discharge voltage. Also plotted in Figure 8.2 are the probe-derived anode effi-
ciencies for the NASA-300M. As can be seen, these values generally show the same trend and
slope with discharge voltage but are on average 0.03 higher than the thrust-derived values.
Within the uncertainty of the X3 measurements (+ 0.03), the thrust-derived anode efficiency
values for both thrusters are the same. This can be taken as a confirmation that the X3 is
operating as designed. Based on the scaling laws developed by Manzella in Reference [11],
we subsequently expect that the various utilization efficiencies should also match between
the thrusters because those scaling techniques are intended to ensure that the plasma (and
thus its internal processes) is kept similar as power is increased. Because the anode efficiency
values are very similar, any deviations in the various utilization efficiencies will have to cancel
out.

We start by studying charge utilization efficiency, which we plot for both thrusters in
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Figure 8.3: Charge utilization efficiency for both the X3 and the NASA-300M as a function
of discharge voltage. Error bars on the X3 data reflect the standard deviation of the averaged
points.

Figure 8.3. The results for both thrusters are nearly identical in magnitude and feature a
similar negative slope with increasing discharge voltage. These values also match historical
ones such as those reported by Hofer on the NASA-173M [79]. This indicates that the
relative populations of charge states of xenon ions is similar between the thrusters at a fixed
discharge voltage. The negative slope indicates that higher discharge voltages are producing
more multiply-charged xenon ions. Overall, this result indicates that the X3 is not producing
significantly different populations of multiply-charged ions than the NASA-300M.

Next, Figure 8.4 shows the voltage utilization efficiency as a function of discharge voltage
for both the X3 and the NASA-300M. Here, we find that the X3 marginally outperformed the
NASA-300M by 0.005-0.01 at each discharge voltage. However, the uncertainty of the X3
values were between +0.01 and +0.02, making the values statistically the same to the NASA-
300M values. The trend with increasing discharge voltage is also the same, with voltage
utilization efficiency increasing for both thrusters. This is to be expected, as discussed above.

The similarity between these data for the two thrusters indicates that they are accelerating
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Figure 8.4: Voltage utilization efficiency for both the X3 and NASA-300M as a function of
discharge voltage. Error bars on the X3 data reflect the standard deviation of the averaged
points.

ions (as well as coupling to their respective cathodes) with similar efficacy.
Divergence-weighted current utilization efficiency is presented for both thrusters in Figure
8.5. Here we find that once again the X3 and NASA-300M data track closely. Because of
the nature of the calculation for n,, for the X3, it features a rather large uncertainty of
+0.11, but the mean values are always within 0.02 between the two thrusters for a given
discharge voltage. Both thrusters show an increase with increasing discharge voltage as well.
This indicates both that the thrusters are converting discharge current to beam current
equally efficiently and that the method of calculating n,, for the X3 with the limited plasma
diagnostic suite is valid and yields informative information about thruster behavior.
Finally, Figure 8.6 presents divergence-weighted mass utilization efficiency versus dis-
charge voltage for both thrusters. Here we find a more striking difference between the two
thrusters. Though the two thrusters show a similar downward trend in 7,,; with increasing
discharge voltage, the X3’s average efficiencies are consistently between 0.035 and 0.05 lower

than those of the NASA-300M. This difference is not technically statistically significant, as
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Figure 8.5: Divergence-weighted current utilization efficiency for both the X3 and NASA-
300M as a function of discharge voltage. Error bars on the X3 data reflect the standard
deviation of the averaged points.

the n,,4 values for the X3 also carry an uncertainty of £0.11, but the difference is still signifi-
cantly larger than those observed on any other efficiency. This result initially seems at odds
with the similarity in all other efficiencies between the two thrusters. However, if we return
to the anode efficiencies in Figure 8.2, we are reminded that the probe-calculated anode effi-
ciency for the NASA-300M was higher than the thrust-calculated value. The NASA-300M’s
larger 1,4 is counteracted by the X3’s slightly larger n, to result in probe-calculated anode
efficiencies about 0.03 larger than the thrust-calculated ones. It is worth noting that the
data for the NASA-300M produced surprisingly large values of 1,,, at times slightly in excess
of unity. The uncertainties on the values for the NASA-300M were +0.04, the largest of any
parameter calculated during that study. Thus, it is possible that with the large uncertainties
on the values from both thrusters that there is not actually a difference between the X3 and
the NASA-300M in how efficiently xenon atoms are converted to ions.

To study this discrepancy further, the component of 7,4 that is dependent on the WFES

probe data, a,,, is plotted in Figure 8.7 as a function of discharge voltage. The results match
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Figure 8.6: Divergence-weighted mass utilization efficiency for both the X3 and NASA-300M
as a function of discharge voltage. Error bars on the X3 data reflect the standard deviation
of the averaged points.

closely in trend and value for both thrusters, a result that is unsurprising based on the
similarities in n,, which is calculated from WEFS data as well. This indicates that, if there
is a difference between the two thrusters, the cause is likely a difference in the ratio of I, to
n,, as shown in Equation 2.19. As shown in Figure 8.5, however, the divergence-weighted
current utilization efficiency is very similar between the two thrusters. This indicates that
they are converting discharge current to beam current equally well, but that the X3 perhaps
requires slightly more anode flow rate to produce a given discharge current (and thus are
operating at different I/, ratios, which unfortunately cannot be verified due to the lack
of thruster telemetry in Reference [108]). However, the mis-match between the NASA-300M
probe-calculated and thrust-calculated anode values and the un-physical nature of some
of the n,, values suggests that those values are potentially suspect. This, combined with
the large uncertainty in the values for both thrusters, leads us to be unable to draw any
significant conclusions about the difference in 1,y between the X3 and the NASA-300M.

A final comparison to make to the NASA-300M is that of current fractions of charged

233



0.95

09F

£
Foest

0.8

|[—E—X3NHT NASA-300M |

0.75 : ‘ ‘ ‘ ‘ :
200 250 300 350 400 450 500 550 600

Discharge Voltage, V

Figure 8.7: The @, component of the divergence-weighted mass utilization for both the X3
and NASA-300M as a function of discharge voltage. Error bars on the X3 data reflect the
standard deviation of the averaged points.

species. The similarity in 17, between the two thrusters indicates that the relative populations
should be similar as well, but it is still insightful to study trends in relative populations with
V4. These results for the X3 and the NASA-300M are plotted in Figure 8.8. Work such as
Hofer’s in Reference [79] has shown that in general Hall thrusters experience an increase in
multiply-charged species populations with increasing V,;. However, for the X3 (solid lines
and markers in the figure) we find that the population of Xe* actually increases from 0.755 at
300 V to 0.770 at 400 V before dropping to 0.712 at 500 V. This trend is mirrored in the Xe?*
current fraction, which decreases from 0.218 at 300 V to 0.195 at 400 V before increasing to
0.238 at 500 V. The Xe** population, which had an average current fraction less than 0.05
for all V;, rose monotonically with discharge voltage from 0.021 at 300 V to 0.038 at 500 V.
The Xe*" current fraction was typically less than 0.01 and is thus not reported here.

We find that the NASA-300M produced magnitudes and trends very similar to the X3,
as shown with the dashed lines and open markers in Figure 8.8. The trends in the current

fractions of all three species were very similar, with a rise in Xe*™ at 400 V and a decrease
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at 500 V, corresponding to a decrease in Xe?** at 400 V and an increase at 500 V. The X3
and the NASA-300M produced nearly identical current fractions of Xe* at 300 and 400 V,
though at 500 V the X3 decreased farther than the NASA-300M. However, the magnitudes of
the Xe?* and Xe** populations are different between the two thrusters: the X3 is producing
more Xe?* and less Xe** than the NASA-300M. The X3’s average current fractions for Xe?*
are 0.043 to 0.078 larger in magnitude than the NASA-300M, which correspond to similar
differences in the opposite direction for Xe**. This, in turn, explains the X3’s slightly higher
magnitudes of 1, as shown in Figure 8.3: higher charge states are responsible for more losses,
so by producing more ions in a lower charge state, the X3 is operating more efficiently than
the NASA-300M. However, as the difference in 1, demonstrates, this is responsible for a very
small difference in performance between the two thrusters.

Aside from some reservations about divergence-weighted mass utilization, the X3 has been
found to have similar magnitudes and trends for all utilization efficiencies. This suggests that
the X3 is performing as it was designed to, and that the Manzella-type scaling laws serve to
keep the plasma properties and processes similar for thrusters ranging in power from 20 kW
to 100 kW and sizes ranging from approximately 300 mm to 800 mm outside diameter. This
also lends initial credence to the idea that the X3 does not suffer from any major changes in
plasma properties and processes between single- and multi-channel operation, since the X3
average values here contained both types of operation and were not significantly different
than the single-channel NASA-300M. Before analyzing that question more rigorously we

investigate how the various efficiency values trended with changing discharge current density.

8.2.3 Trends with Current Density

When developing the NASA-457Mv1 50-kW class Hall thruster, Manzella created a simplified
model of Hall thruster operation to study the effects of changes in different thruster design
parameters, including channel length, magnetic field strength, and propellant density [11].

This model suggested that increased propellant density should produce increased efficiency
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by moving the ionization region upstream of the acceleration region within the discharge
channel. This work highlighted the balance involved in optimizing the propellant density
in a Hall thruster. Too low of a propellant density decreases ionization: Manzella’s work
suggested that at too low a flow rate, 20% of the propellant was not ionized at all. But at a
certain propellant density, all ions are being created upstream of the Hall region, and further
increases in propellant density increase collisional losses without further improvements in
ionization and acceleration. Additionally, increased collisions increase electron mobility to
the anode (and thus electron current), providing another loss mechanism. Ultimately, this
balance suggests that with increasing propellant (and thus current) density, there should be
an increase in either n, or n, (or both). Here, the n,, changes would be reflected in 1,,.
The X3 was throttled over a total of three different current densities: 0.63, 1.0, and 1.26
the middle reference value j,..r. For both 0.63j,.r and 1.0, full or nearly-full sets of points
spanning all channel combinations were collected for all three discharge voltages. To study
the effect of increasing the current density, we averaged the 300 V, 400 V, and 500 V data

together across all test points for each current density as such:

TG =D ) meve (), (8.4)
Vv C

where x, j, and C hold their same definitions as in Equation 8.1 but where we are summing
over discharge voltages V for fixed current density j. Summing in this manner will average
out trends with V, as discussed above. However, because these trends were similar for both
current densities, comparisons for these terms are still valid. Summing in this manner over
many conditions provides more statistically-meaningful values than taking only a particular
set. There are too few conditions at 1.26j,..r to draw meaningful conclusions so these points
are excluded from the present study.

Figure 8.9 shows the average of anode efficiency and each utilization efficiency for both
0.63jr and 1.0j,.r. We find that anode efficiency, on the far left of the figure, increases

by about 0.02 for the higher current density. Charge, voltage, and divergence-weighted
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Figure 8.9: Anode and utilization efficiencies for two current densities, averaged across all
discharge voltages.

current utilization all change by less than 0.007 between the two current densities. However,
divergence-weighted mass utilization shows an increase of 0.04. Although this difference
is within the statistical uncertainty of the values, the closeness of the other parameters
indicates that the difference is nonetheless important. Furthermore, the lack of change in
divergence-weighted current utilization efficiency suggests that the divergence itself is not
changing.

If we re-write our expression for 1,,, in Equation 2.19 as such:

N\ (1pcos\ [ 1
i = () (252 (2 o (85)
e I, my,

where we have substituted discharge current I; into the expression by means of the

divergence-weighted current utilization, we can see a change in 7,, for near-constant 7,
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discharge voltages.

will be due to increases in a,, or I;/m,, which we define here as £:

I,

mg

B= (8.6)

We can determine S directly from the thruster telemetry. Figure 8.10 presents «,, and
for the 0.63j,r and 1.0j,.s current densities. The data demonstrate that both parameters
increase with increased current density, but that the majority of the difference comes from
the increase in .

We can study this further by investigating the change in average charge species current
fraction between the two current densities, as plotted in Figure 8.11. We find that the
1.0js condition produces on average approximately 0.03 more singly-charged xenon than
the 0.63 .5 condition. This corresponds to the slight improvement in 7, seen between the

conditions, as well as the improvement in a,,.
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Figure 8.11: Average current fractions of Xe*, Xe?*, and Xe** for the X3 at two different
current densities, averaged across all discharge voltages.

Ultimately, these results indicate that the X3’s increased performance at higher current
densities is due to an increase in how efficiently the thruster is converting neutral xenon
propellant to ion current. This is the expected result based on the previous work discussed

at the beginning of this section.

8.3 Comparison of Channel Combinations

Finally, we analyze more rigorously how the various channel combinations of the X3 operate
with respect to each other. The previous two sections have demonstrated that, on average,
the X3 is producing the expected trends and magnitudes of the various utilization efficiencies.
However, it is still possible that there are differences between channels that on average cancel
out to produce the results seen above. For instance, a certain channel could be operating
more efficiently than average, and another less efficiently, such that the average value appears

nominal. First, we compare the values without accounting for any potential NHT cross-
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channel ingestion effects. Then we explicitly take these effects into account and study their

impact on this analysis.

8.3.1 Channel Combination Efficiency Comparison

For this study, we averaged the corrected efficiency results for 0.63 .. and 1.0j,.., conditions
at 400 V discharge voltage. As was shown, there is variation in the values with current
density. However, we elected to do the averaging here to provide a more complete set of data.
The probe data for a number of test points was incomplete, due to issues such as dropped
data points or electronics errors. Averaging together two sets at the same discharge voltage
allows for a more complete picture of channel-to-channel variation while not complicating
the comparison by averaging the expected change in utilization efficiencies with discharge
voltage.

First, Figure 8.12 presents the average anode efficiency for 400 V operation for each of the
seven channel combinations. The data seem to indicate that the IM condition produced an
anode efficiency approximately 0.02 better than the other channel combinations. However,
it should be noted that the IM condition was missing 0.63 ., data and thus only represents
the 1.0j,.s condition. As was discussed in the section above, the 1.0j,.; condition produced
higher average 1,, meaning that this higher value is likely due to that. Ultimately, even with
this higher value for the IM condition, n, for each channel combination is the same to the
uncertainty of the measurements and there do not appear to be any systematic trends. The
similarity in 7, across channel conditions suggests that the various utilization efficiencies
will be similar as well. To investigate this further, next we present each of the utilization
efficiencies in turn and, when applicable, divide each into its relevant sub-components for
continued study.

First, Figure 8.13 shows the variation of 1, between channel combinations. The data
indicate small variation between combinations, although the previous sections have demon-

strated that in general n, varies little across conditions and relatively large changes in current
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Figure 8.12: Anode efficiency plotted as a function of channel combination for 400 V opera-
tion.

fractions. These data suggest that the thruster is producing more singly-charged xenon in
the MO and IMO configurations. Indeed, if we plot the average current fractions of Xe*,
Xe?*, and Xe** as Figure 8.14 shows, we find that the MO and IMO configurations are
producing more singly-charged xenon ions and fewer doubly-charged ions. The populations
of triply-charged ions remains approximately the same and a small portion of the beam
population.

One caveat to the WFS data that should be noted here concerns the charge exchange
(CEX) correction applied to the data. We applied the full CEX correction as detailed by
Shastry [105] and described above in Chapter 4 to all data. However, Shastry recommends
that to minimize the CEX effects and the correction necessary, researchers should keep the
“pz” factor less than or equal to 2, where p is the chamber background pressure in units of
107> Torr-Xe and z is the distance between the thruster and the probe in units of meters. As
described previously, the X3 is a large, high-power thruster, which required us to place the

WFEFS far downstream of the thruster to limit probe heating and probe/thruster interaction,
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Figure 8.13: Charge utilization efficiency plotted as a function of channel combination for
400 V operation.
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Figure 8.14: The average current fractions of Xe*, Xe?*, and Xe** at 400 V discharge voltage
for each X3 channel combination.
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Table 8.1: Average pz values for each channel combination for 400-V operation.

Channel Combination‘ I M @) M 10 MO IMO
J724 ‘4.6 10.4 165 16.5 196 24.2 272

resulting in a z of 8.7 meters. The high-power nature of the X3 also results in higher
background pressures, often in excess of 1x107 Torr. As a consequence, the pz factor for
these WE'S traces was always in excess of the suggested limit of Shastry, sometimes an order
of magnitude larger. The average pz values (pz) for the 400-V test conditions are presented
in Table 8.1. Although they exceed Shastry’s recommendation, the effect of these elevated
values of pz is unclear. It seems more likely that at higher background pressure, there will be
more processes to deplete the beam of ions that would not be captured by the model (e.g.,
symmetric collisions that are ignored in the model), meaning the CEX correction would not
correct the data enough. However, the higher values of Q for the MO and IMO conditions
(which feature the highest values of pz due to their large background pressures) if anything
appear over-corrected compared to the other conditions (which would result in artificially
high populations of Xe*). Thus, the role of the CEX correction model on these results is
unclear.

Next we turn to voltage utilization efficiency, as plotted in Figure 8.15. We find that n,
varies approximately 0.03 between conditions. The O, MO, and IMO configurations appear
to produce slightly lower 7, than the other conditions. One potential explanation for this is
that the Outer channel’s lower efficiency occurs in both single- and multi-channel operation
and thus brings down the average n, for any condition that channel operates in. However,
this would not explain the high n, for the IO condition, which is on par with that for the I
condition. Thus, is is also possible that this is simply a product of magnetic field settings;
further optimization of the field, especially for the multi-channel conditions as described in
Chapter 7, may bring these values closer together.

Another possible explanation for the variation in 7, seen here is variations in either V.,

V,, or both. The data for these conditions are plotted in Figure 8.16. We find that there is

244



11

o
©
T

Voltage Utilization Efficiency
o o
~ [ee]

o
o
T

0.5
| M O IM IO MO IMO

Channel Combination

Figure 8.15: Voltage utilization efficiency plotted as a function of channel combination for
400 V operation.

variation of up to 4 V in V., among conditions and up to 5 V in V,, among conditions. The
variation in V., is less systematic, but V, for the O, MO, and IMO conditions is the highest
of the set. However, the increase in V, for these sets is not coupled with similar increases
in the magnitude of V.., resulting in overall loss parameters that are no more than 1-2 V
higher than the rest. One notable exception is the IM condition, which features small values
of both V, and V,,, though this smaller loss parameter does not translate to a detectably
larger n,. The overall variation in the loss parameter is approximately 5 V, which is just
over 1% of the discharge voltage. These results indicate that the mechanism by which 7, is
lowered for certain conditions is related to the effectiveness at accelerating ions through the
available potential, not in a difference in the available potential itself.

It is interesting to note that the channel combinations that included the Outer channel
had larger plasma potentials V), than the combinations that did not. The differences were
relatively small and close to the measurement uncertainty, meaning that this may not be

representative of a physical trend. However, modeling work done by Mikellides of the X3 in
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Figure 8.16: The average magnitudes of V., and V, for each channel combination at 400 V
discharge voltage.

JPL’s two-dimensional axisymmetric Hall thruster simulation code Hall2De suggested that
the Outer channel was likely to produce higher plasma potentials than the other two channels
[218].  Although this difference is strongest near the thruster, at 3.5 thruster diameters
downstream (the extent of the simulations), the simulations predicted a difference of over
10 V between the Outer channel’s plasma potential and that of the other two channels.
Here, at approximately 10 thruster diameters downstream, we typically measured plasma
potentials a few volts higher for conditions that included the Outer channel. Mikellides’s
modeling suggested that this phenomenon was ultimately due to the magnetic field in the
near-plume region of the Outer channel, which is distinctly stronger there than in the other
two channels. This stronger magnetic field imposes a higher plasma resistivity, which in
turn causes increased electron heating and a higher electron temperature. Through the
electron pressure, these higher electron temperatures correlate with higher plasma potentials.
Both the simulation and experimental results are preliminary, and near-field diagnostics are

certainly necessary to verify this result. Nonetheless, the initial correlation between the
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Figure 8.17: Divergence-weighted mass utilization efficiency plotted as a function of channel
combination for 400 V operation.

simulations and the laboratory results is encouraging.

Next, Figure 8.17 presents the divergence-weighted mass utilization as a function of
channel combination. Here, a difference among the combinations is immediately apparent,
although it is within the uncertainty of the values. It appears that the single-channel condi-
tions (in particular the I and M conditions) operate at values of n,, nearly 0.10 lower than
the multi-channel conditions. This is a striking result considering the parity in n, between
conditions and in all average utilization efficiencies between the X3 and the NASA-300M.
The clustering of the conditions is particularly stark: the I and M conditions are within 0.006
of each other and the IM, 10, MO, and IMO conditions are within 0.03 of each other, yet
the two groups differ on average by more than 0.08. Only the O condition falls between the
two clusters. This is an interesting result that may provide more insight into the difference
between the two populations.

To study this phenomenon further, we can split 1, into the @,, and S components as we

did in the previous section. These are plotted for each channel configuration in Figure 8.18.
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Figure 8.18: The @, and B components of n,, for each channel configuration at 400 V
discharge voltage.

The «,, is relatively consistent around 0.86 for all but the MO and IMO conditions, where
it increases to 0.91 and 0.93 respectively. This trend reflects the trend seen in 7, and Q in
Figures 8.13 and 8.14, respectively, which indicated that the MO and IMO conditions were
producing more singly-charged ions. The variation in @,, does not account for the trend seen
in 1,4 since the multi-channel conditions are not as a whole higher than the single-channel
ones. However, § shows a trend more like that seen in 7,,, where the I and M conditions
are at a noticeably lower value than the rest of the configurations. This indicates that the
change is not related to multiply-charged species effects but is instead related directly to the
conversion of anode mass flow rate to discharge current.

Finally, the divergence-weighted current utilization efficiency is presented in Figure 8.19.
We find that the values are nearly identical at 0.79 for the I and M cases before dropping

across the remaining configurations to 0.73 for the IMO condition. This decrease in 17y,
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Figure 8.19: Divergence-weighted current utilization efficiency plotted as a function of chan-
nel combination for 400 V operation.

coupled with the trends in the other parameters, notably 7,4, explains how the anode effi-
ciency could be nearly invariant for all channel combinations. This result implies that either
the divergence is getting larger for the multi-channel conditions or there is an increase in
electron current. However, 1,4 is also weighted by cos 8 but trends in the opposite direction.
This implies that this observed change in 7,4 is not due to a change in divergence angle but

instead is due to changes in electron current.

8.3.2 Calculation of NHT Effects
8.3.2.1 Procedure

The analysis of NHT cross-channel ingestion effects had three major steps: power-correction,
facility ingestion calculation and removal, and calculation of nyyr. The various operating
conditions of the X3 were not always perfectly power-matched across a set (that is, target
discharge currents and voltages were not always perfectly achieved). To facilitate more

accurate calculations of nyyr, we power-corrected the flow rates of the thruster. This process
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was straightforward: we used the value of B (as defined in Equation 8.6) to predict the
required flow rate at the target discharge current. Maximum corrections were 1.81 mg/s for
the Inner channel, 3.35 mg/s for the Middle channel, and 2.84 mg/s for the Outer channel,
with average corrections much smaller (between 0.29-0.50 mg/s for all three channels). These
corrections allow us to compare channel conditions as though they operated at exactly the
same discharge power. Though the value of 8 was shown to change between conditions, these
power corrections are small enough that we assume B is constant for the correction range.

Using these power-corrected flow rates (ri,.), we used Frieman’s background flow model
as described in Chapter 2 to calculate the neutral ingestion to the thruster at each condition.
These ingestion flow rates 71 f,ciiry Were then subtracted from the 71, values to isolate the
“space-like” flow rates. Using these flow rates, we calculated the apparent ingestion due
to NHT effects. At a given set of configurations at a given operating condition (discharge
voltage and current density), we compared multi-channel flow rates to the sum of their
constituent single-channel flow rates. Following Equation 2.28, we use the difference in these
flow rates to calculate nyyr for each condition.

If ingestion of vacuum facility neutrals were the only mechanism of ingestion, the two
flow rates should match and nyyr should be equal to unity. If the multi-channel flow rates
are larger than the single-channel values it indicates that there is a loss mechanism at play
during multi-channel operation that is requiring more propellant for the same discharge
power. This would result in values of nygr less than unity. Finally, if the predicted result is
true—that propellant is being ingested between channels in multi-channel operation—then

nyur should be greater than unity.

8.3.2.2 Results

Indeed, we find that for all multi-channel conditions, pyyr is greater than unity. Table
8.2 presents values for all multi-channel operating conditions tested. We found that nyyr

varied between a minimum of 1.016 and a maximum of 1.128. We found that the various
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Table 8.2: Values of nyyr for various X3 operating conditions.

v, j IM 10 MO IMO
300V 0.63j., |1.016 1.057 1.070 1.095
300V 1.0j,, |1.060 1.026 1.023 1.030
400V 0.63j,; | - 1052 1.048 1.062
400V 1.0j |1.051 1.035 1.034 1.040
500V 0.63j.; | 1.070 1.031 1.128 1.056
500V 1.0j,; | 1.057 1.030 1.029 1.041

Average | 1.051 1.039 1.055 1.054

Std. Dev. | 0.020 0.013 0.039 0.023

multi-channel combinations demonstrated very similar average values of nyyr, with the 10
condition producing slightly smaller values than the others. This is an interesting result with
physical meaning. Of all the multi-channel combinations, 1O is the only one where the firing
channels are not directly adjacent to each other. We expect that nyyr and the cross-channel
ingestion is a local process, and the significant increase in distance between the channels
in the 10 configuration (over double that of adjacent channels) likely results in less neutral
ingestion. This is reflected in these values, and provides a hint at the difference in the y;;
geometry factors for the channels that are farther apart.

The mass flow rates involved in the calculation of nygr are significantly larger than those
ingested from the facility. For the 400 V, 1.0j,.r condition, for example, the background
flow model predicts the thruster is ingesting 1.2 mg/s for the IMO condition, yet the total
difference in flow rates between that condition and the sum of the I, M, and O conditions
(with their respective facility ingestion subtracted) is 7.5 mg/s. Ingestion of the facility
neutrals accounts for only 16% of this flow rate deficit.

These results also have an important effect on the phenomenological efficiency analysis
performed in the above section. Figure 8.17 showed that the divergence-weighted mass
utilization efficiency of the multi-channel configurations was notably higher than for the
single-channel configurations. When we correct these values by removing nyyr, we find that

Nma for these conditions is much more alike across all conditions. These results are presented
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Figure 8.20: Divergence-weighted mass utilization efficiency, corrected for NHT ingestion
effects, plotted as a function of channel combination for 400 V operation.

in Figure 8.20. Whereas the uncorrected values varied by between 0.08 and 0.10 between
single- and multi-channel, with the correction, variation is between 0.04 and 0.06.

As discussed in Chapter 2, the nyyr effect will be present in space because it is related
to ingestion of neutrals emanating from the device itself, not those remaining due to finite
facility pumping speed. However, calculation of 1, here incorporates these nyyr > 1 values.
That is, the n, values for multi-channel operation are inflated by nygyr. This must be kept
in mind when comparing results with state-of-the-art SHTs.

Further work is needed to fully characterize this effect on the performance of the X3
and NHTs in general. Although the X3’s performance appeared comparable to other high-
power Hall thrusters, the present calculation indicates that a portion of the n, value was
likely due to NHT effects. This implies that the X3 may not be operating as efficiently
as state of the art SHT's in multi-channel modes once these effects are controlled for. Our
calculated nygr values indicate that the X3 and other NHTs should be capable of operation

at anode efficiencies approaching 0.05 in excess of the state of the art when operating multiple
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channels. At a minimum, further magnetic field optimization is needed for multi-channel
operation of the X3, and it is entirely likely that a more detailed study of the fields would

increase thruster performance.

8.3.3 Analysis Limitations

This experiment was not designed with measuring nygr as a primary goal, and as such, the
calculations done above are notional at best. As discussed, there are likely a number of
thruster behavior differences being captured in the nygyr term, and it is unclear from this
test how many of those effects will be present in space. A more detailed experiment, where
parameters are properly controlled with the express purpose of studying this effect, will help
differentiate between ground-test facility effects and those inherent to the NHT geometry.
The values reported here should be taken as maximums, because they likely capture other
effects as well. It is also likely that the plume structure and thus the ingestion mechanism
may change with decreasing facility background pressure, further changing how the effects

actually appear in space.

8.4 Fixed Faraday Probe Results

In addition to the diagnostics detailed above which contributed to the phenomenological
efficiency analysis of the X3, the probe suite included the four fixed Faraday probes (FFPs)
as described in Chapter 4. Here, we use the standard deviation between the four probes as
a characterization of the relative beam asymmetry. Because this test represented the first
high-power test of the X3, it was important to verify the approximate symmetry of the beam
even if detailed plume maps could not be collected with a swept Faraday probe.

Figure 8.21 presents the standard deviation between the four FFPs for each condition,
plotted as a function of discharge power. Single-channel conditions are plotted as blue circles

and multi-channel conditions as red squares. Standard deviation varied between 0.7 and
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12.8% for single-channel operation and between 1.7 and 9.7% for multi-channel operation.
The average standard deviation was close between single-channel operation at 5.5% and
multi-channel operation at 4.3%. The variation in standard deviation does not appear to
trend with discharge power, discharge voltage, or channel combination. We suspect that the
variation seen, including some of the outlier conditions such as the 12.8% condition, may be
a result of how the beam was coupling to the facility day-to-date. Visual observation of the
X3 during operation at PEPL showed that the plume would occasionally couple to a certain
portion of the facility, on some occasions actually bending downstream of the thruster due
to the influence of the facility. We had no visual access to the downstream portion of the
beam at GRC, but it is possible that a similar phenomenon was happening that may cause
variation in the FFP data. Not shown here is that the probe reading highest and lowest
randomly varied from day to day, another indication that the variation was random and

facility-related, as opposed to systematic and thruster-related.

8.5 High Speed Diagnostics

8.5.1 High Speed Camera

At each test condition, we collected high-speed camera (HSC) data using the setup described
in Chapter 4. We used these data to investigate a number of questions regarding operation

of the X3. In particular, for each discharge channel at each test condition we looked at:
1. Is the channel operating in a breathing mode or a spoke mode?
2. What are the peak frequencies?
3. What are the widths of those peaks?

4. What is the probability distribution function of the global channel oscillation?

For channels operating simultaneously, we looked at:
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1. Are the channels operating in the same mode?

2. Are the channels oscillating at similar strengths?

3. Do the peak frequencies match between channels?

4. Do the channels correlate in time? (That is, are they oscillating together?)

5. Is there a phase-delayed correlation between channels? (That is, are they oscillating

together but with a phase delay?)

Finally, for the same channel operating in different conditions we looked at:

1. Does the mode change?
2. How do the peak frequencies and widths change?
3. How do the relative strengths of the peak frequencies change?

4. How do the probability distribution functions change?

Answers to these questions provide insight into how the thruster oscillations are changing
across the throttle table. Because Hall thruster operating mode has been correlated to
performance [48,60], trends in these data can be compared to the performance reported
above in Chapter 7. Differences in mode between channels or conditions may correspond

with changes in performance or thruster operation.

8.5.1.1 Typical Results

Here we present a subset of typical results from the HSC study and explore the features and
trends. To do so, we present single-channel and three-channel results for each channel at the
400 V, 1.0j,¢ condition and compare how features change between conditions.

First we present results from the Inner channel. Figure 8.22 shows the two-dimensional

Fourier transform analysis results plotted as power spectral densities (PSDs) for both single-
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Figure 8.22: Inner channel 2D Fourier transform results for (a) single-channel and (b) three-
channel operation.

and three-channel operation. The black trace on both plots represents the m=0 mode or the
breathing mode; the red, orange, and yellow traces represent spoke modes of increasing m.
In both single-channel and multi-channel operation, it is apparent that the m=0 breathing
mode is dominant over the spoke modes. The spoke modes are completely flat for single-
channel operation, and reflect the same peaks seen in the m=0 mode for three-channel
operation, but at a much lower strength. The m=0 PSD features a low-frequency peak at
14 kHz for single-channel operation, which shifts to 6 kHz for three-channel operation. The
low-frequency peak is an order of magnitude stronger for multi-channel operation, which
corresponds with the change in P2P discharge current as measured with the current guns,
which went from 0.361;; in single-channel operation to 0.591,; in multi-channel operation.
Both low-frequency peaks are generally the same shape and feature a broad distribution.
The higher-frequency peak was similar in frequency between the two conditions (67 kHz in
single-channel operation and 73 kHz for multi-channel operation) but changed significantly
in relative strength: for single-channel operation, that peak is barely distinguishable and is
approximately an order of magnitude lower in strength, but in multi-channel operation the

peak has grown to be approximately the same strength as the low-frequency peak.
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Figure 8.23: Inner channel spoke surface (¢ — t) plots for (a) single-channel and (b) three-
channel operation.

Figure 8.23 shows the spoke surface plots or ¢ — t plots for the same conditions. These
plots reinforce the fact that the thruster is predominantly in a global or breathing mode:
the sharp vertical lines on the plots indicate the entire discharge channel is getting brighter
and darker in unison. Unlike the example plot in Figure 4b of Sekerak [48], both of these
oscillations appear to vary in strength with time. Sekerak’s example breathing mode was
very sinusoidal and featured the same peak strength in every cycle; these oscillations vary
in strength and are not evenly spaced temporally.

As Figure 8.24 shows, these apparently randomly-varying oscillations translate to Gaus-
sian probability distribution functions (PDFs) for both cases. As discussed by Huang, a
sinusoidal oscillation will appear as a double-peaked PDF' like that shown in Figure 14 of
Reference [63]. The Gaussian nature of the PDF and the random variation in oscillation
strength and period are likely related to the large width of the low-frequency peak. Huang’s
work with the magnetically-shielded NASA HERMeS thrusters demonstrated similar trends:
conditions with relatively sharp peaks in their PSDs demonstrated distinctly even spokes on
their ¢ — r diagrams and a double-peaked PDF (c.f. Figures 8, 14, and 18 in Reference [63]),
whereas conditions with broader peaks exhibited Gaussian PDFs and random-appearing
global oscillations (c.f. Figures 7, 13, and 17 in Reference [63]). A wide peak on the PDF
corresponds to strong oscillations at many frequencies; a Gaussian distribution can be con-

structed from the combination of many sine waves.
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Figure 8.24: Inner channel global oscillation probability distribution functions for (a) single-
channel and (b) three-channel operation.
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Figure 8.26: Middle channel spoke surface (¢ — 1) plots for (a) single-channel and (b) three-
channel operation.

Next we turn to the Middle channel. As shown in Figures 8.25, 8.26 and 8.27, the results

are largely the same as for the Inner. In both single-channel and three-channel operation, the

Middle is strongly in a m=0 or breathing mode. The low-frequency and high-frequency peaks

are roughly constant in location between the two conditions: the low-frequency peak shifted

from 11 kHz in single-channel operation to 14 kHz in three-channel operation, and the high-

frequency peak shifted from 57 kHz to 67 kHz from single- to three-channel operation. Once

again, the high-frequency peak gains in strength in three-channel operation, though not equal

to the low-frequency peak like for the Inner channel. The spoke surfaces in Figure 8.26 also
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appear very similar to those for the Inner channel, indicating that the Middle channel is also
operating in a mode characterized by strong breathing at a randomly-appearing strength
and period. This is further supported by the PDFs in Figure 8.27, which show similar
Gaussian-like shapes for both conditions. Unlike for the Inner, both spoke surfaces for the
Middle channel show faint diagonal striations as well, indicating very faint spoke features.
These striations are focused in the 60-120 degree location and appear to die out instead of
propagating around the entire channel. They travel in the counter-clockwise direction (a
negative slope on the spoke surface), which is the E x B direction for the Middle channel.
Work on the H6 thruster demonstrated that spokes propagate in the ExB direction and
change directions when the magnetic field direction is reversed on that thruster [60].
Finally, we turn to the Outer channel in Figures 8.28, 8.29, and 8.30. And once again, the
trends are largely the same as for the Inner and Middle channels. A strong m=0 breathing
mode dominates, with low- and high-frequency peaks. The low-frequency peak shifts from
9 kHz in single-channel operation to 15 kHz in multi-channel, whereas the high-frequency
peak stays at 55 kHz for both cases. Unlike the Inner and Middle channels, the high-
frequency peak loses strength relative to the low-frequency peak for three-channel operation.
The spoke surfaces in Figure 8.29 demonstrate very similar features as those for the other
channels as well. Here, there are localized spoke features in two locations around the channel
visible for both cases, in the 60-120 degree and 240-300 degree locations (roughly opposite
from each other on the thruster face). These spoke features propagate in the clockwise
direction (positive slope on the ¢ — ¢ diagrams), opposite of the Middle channel. However,
because the direction of the magnetic field switches between the Middle and Outer channels,
the spokes here are still propagating in the E x B direction. Like for the Middle channel,
in both conditions these spokes remain local and die out before propagating fully around
the channel. They are superimposed over the global oscillation of the discharge, and their
relative weakness is reflected in the PSDs. The PDFs for the Outer channel, as shown in

Figure 8.30, are also very similar to those for the other two channels, which is to be expected.
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Figure 8.27: Middle channel global oscillation probability distribution functions for (a) single-
channel and (b) three-channel operation.
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All evidence suggests that all three channels, whether operating separately or together, are

operating in a very similar mode.

8.5.1.2 Oscillation Peak Frequencies

As demonstrated in the above example data, the oscillations of all three channels of the X3 are
typically characterized by a low-frequency peak on the order of 10 kHz and a high-frequency
peak on the order of 50-80 kHz. To understand how these frequencies vary by channel,
we present a histogram of the values of both peaks across all conditions. Histograms are
useful for these situations because they will illustrate whether there are multiple clusters of
conditions. Two distinct groupings of frequencies on these plots could potentially indicate
that, for instance, the most common frequency was different for single-channel and multi-
channel operation. A plot of the low-frequency peaks for each channel across all conditions is
presented in Figure 8.31. These peaks varied in location from 6-20 kHz, with most conditions
for all three channels falling into the 10-15 kHz range. The Inner demonstrated slightly more
spread in peak location than the other two channels, but the difference between the three
channels is minimal. There are no indications of multiple populations on any channels.
However, the high-frequency peak shows clear variation between the channels, as shown
in Figure 8.32. The Inner channel high-frequency peak showed the largest spread of values,
ranging from 50-95 kHz, with most conditions clustered between 65-85 kHz. The Middle
channel featured a peak between 65-70 kHz for a vast majority of its conditions, with a
small group of conditions between 40-60 kHz and a single outlier in excess of 100 kHz. This
very-high-frequency result may be an artifact of the fitting technique. The high-frequency
peak of the Outer channel was very tightly clustered between 45-60 kHz for all test points.
The Middle channel’s results indicate that the possibility of multiple populations, with the
50-60 kHz conditions detectably separate from the strong cluster of 65-70 kHz conditions,

but otherwise the channels again show single populations for the high-frequency peak.
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8.5.1.3 Correlation to Oscillation Strength

As shown in Chapter 7, the P2P oscillation strength of the Inner and Middle channels
was notably larger during multi-channel operation than during single-channel. A number
of characteristics of the discharge current oscillations changed between single- and multi-
channel operation, including the location and width of the low- and high-frequency peaks, as
well as the ratio of the strength of these peaks (high:low). To assess whether the change in
oscillation strength (defined, as in Chapter 7, as the ratio of P2P of the discharge current to
the mean discharge current, Ipyp/l;) is correlated with any of these features, we performed a
correlation study similar to those performed by Huang previously on both HSC data and RPA
data on the HERMeS thrusters [63,219]. By plotting Ip,p/I; against the frequency, width,
and strength of the low-frequency and high-frequency peaks we can determine whether any
parameters correlate with oscillation strength.

First, Figure 8.33 presents the oscillation strength Ip,p/I; as a function of both the low-
frequency and high-frequency peak strengths. This can be viewed as a validation of this
technique, as we expect stronger discharge current oscillations to correspond to stronger
features on the HSC PSDs. If the HSC analysis is properly capturing the oscillations,
increasing peak strength should correspond to increasing Ip,p/l;. Indeed, we find that both
plots generally show this trend. There is a certain amount of variation, but this is to
be expected because of the statistical noise associated with the HSC analysis technique. In
general, the low-strength oscillation conditions (Ip,p/1; < 0.5) cluster at lower peak strengths
and the high-strength oscillation conditions (Ipyp/I; > 0.5) appear at higher peak strengths.
This indicates that the HSC technique is properly capturing the strength of the discharge
current oscillations, and further correlation analysis should identify trends if present.

Figure 8.34 presents the location of the low-frequency and high-frequency peaks versus
Ipyp/1, for all conditions of X3 operation. Oscillation strength shows no trend with the low-
frequency peak (left of the figure). This agrees with the histograms in Figure 8.31, which

showed the conditions clustering together in single populations centered around frequencies
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Figure 8.33: Discharge current oscillation strength (Ip,p/1;) for each channel plotted as a
function of the strength of the (a) low-frequency and (b) high-frequency peaks of the HSC
PSDs.

of 10-15 kHz. The data demonstrate that the strong-oscillation conditions (Ip,p/1; > 0.5) fall
within the same range of frequencies as the weak-oscillation conditions (Ipyp/I; > 0.5), and
furthermore that at a given frequency, both strong- and weak-oscillation conditions exist for
the same channel. The high-frequency peak shows a similar lack of clear trend. For the Inner
channel (blue squares on the plot), it appears that the weak-oscillation conditions cluster in
the 60-70 kHz range and the strong-oscillation conditions in the 70-90 kHz region; however,
the fact that some of the strongest and weakest oscillations occur around 70 kHz for that
channel go against this trend and suggest that there may be no correlation. The Middle
channel demonstrates a similar overlap in strong and weak conditions. The Outer channel,
which did not experience a significant change in oscillation strength between conditions,
shows the smallest cluster of conditions, as was shown in the histogram in Figure 8.32.

The peaks detectably changed widths among conditions. Figure 8.35 presents the os-

cillation strength as a function of the width of both the low- and high-frequency peaks.
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Figure 8.34: Discharge current oscillation strength (Ip,p/1;) for each channel plotted as a
function of the location of (a) the low-frequency peak and (b) the high-frequency peak.

The low-frequency peak width ranged from 1-10 kHz and the high-frequency peak width
from 5-45 kHz. All channels experienced approximately the full range of widths for both
peaks. As can be seen, neither peak width shows any trend with oscillation strength. The
Inner appears to have two clusters for the high-frequency peak width, one between 5-15
kHz and another between 30-40 kHz. However, both of these clusters contain high-strength
oscillations, indicating that there is no trend between oscillation strength and peak width.
The Middle and Outer channels are both relatively evenly dispersed along the range of peak
widths.

As shown in Figure 8.36, we also study the ratio between the strength of the two peaks.
If for instance the high-frequency peak is a cathode-related (something that needs further
study to confirm), the high-frequency peak being on the same order as the low-frequency peak
would represent cathode oscillations being equal in strength to the thruster breathing mode,
which could potentially result in stronger oscillations. However, here, as previously, there

is clearly no trend between the oscillation strength Ip,p/I; and the ratio of high-frequency
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Figure 8.35: Discharge current oscillation strength (Ip,p/1;) for each channel plotted as a
function of the width of the (a) low-frequency peak and (b) the high-frequency peak.

peak strength to low-frequency peak strength. For all three channels, the high-frequency
peak ranges from being roughly as strong as the low-frequency peak to being two orders of
magnitude weaker. And for all three channels, both high-strength and low-strength Ip,p/I,
values occur through the range of magnitudes.

Ultimately, this analysis did not identify any clear correlations between the discharge
current oscillation strength Ipyp/1; and features of the HSC PSDs (other than peak strength,
which was physically expected and seen as a validation of the technique). This indicates that
the cause of the dramatic change in oscillation strength for the Inner and Middle channels
between single-channel and multi-channel operation, as presented in Chapter 7, is a process

unrelated to those causing the changes in the features of the PSDs captured in this analysis.

8.5.1.4 Correlation Between Channels

We analyzed the cross-correlation between the global oscillations in the channels at each

multi-channel condition to study whether channels were oscillating in sync with each other
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Figure 8.36: Discharge current oscillation strength (Ipyp/I,) for each channel plotted as a

function of the ratio of the strength of the high-frequency and low-frequency peaks of the
HSC PSDs.

(either in-phase or with a phase delay between channels). The non-sinusoidal nature and
the general lack of agreement between peak locations among channels operating together
suggests that the channels are likely not oscillating with any sort of correlation between
each other, and our results showed that to be true. Even for conditions where the peaks on
the PSDs appeared in to be at the same frequency, the brightness of the discharge channels
showed no correlation at any phase delay. This indicates that, at least for the thruster
conditions tested, the oscillations between channels do not interact in any significant or
meaningful way. A study by McDonald showed that for the X2 thruster in certain operating
conditions the low-frequency peak of the outer channel would “bleed over” and appear in
the inner channel’s PSD trace (though the inner channel’s peak never appeared in the outer
channel’s PSD trace) [195]. No concrete explanation was found for this behavior on the
X2, and it is unclear from this work whether this type of phenomenon would appear for
the X3 under certain operating conditions. However, the operating conditions tested here

were optimized for performance, indicating that any condition where this type of channel
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cross-talk was present would be an off-nominal condition.

8.5.1.5 Atypical Conditions

The vast majority of operating conditions across the entire range of X3 operation reported
here had HSC results very similar to those we presented above. However, three test conditions
exhibited HSC data that was, in various ways, atypical. These conditions will be discussed
briefly here.

Figure 8.37 shows the HSC results from the Inner channel operating in the IMO con-
figuration at 300 V, 0.63j.r. The Middle and Outer channels demonstrated typical HSC
results for this condition, but the Inner shows a distinctly different oscillation mode. In
the Fourier transform results, four distinct peaks can be seen at approximately 16, 32, 48,
and 64 kHz, with a fifth peak faintly discernible around 80 kHz. The four higher-frequency
peaks represent the second, third, fourth, and fifth harmonics of the sharp 16-kHz peak.
The appearance of multiple peaks, as well as of harmonics of the low-frequency breathing
mode, has been seen before in Hall thruster HSC studies (c.f. the top left of Figure 4.1 of
Sekerak [60]). A strong, sharp breathing-mode peak is typically associated with strongly
sinusoidal oscillations, and the spoke plot in Figure 8.37b shows this to be true for this
condition. Unlike typical spoke surface plots, this result shows very periodic brightness and
darkness in the discharge channel. The Fourier transform results indicate that the m > 0
spoke modes also have considerable strength and content, but the spoke surface plot seems to
indicate that these may simply be an artifact of the analysis technique: there are distinctly
no signs of any spoke-like features propagating azimuthally in the channel. Interestingly,
the PDF from this condition does not show the two-peak shape that Huang associates with
sinusoidal oscillations in the HERMeS TDU1 thruster [63].

At this condition, the P2P value was nearly four times the mean discharge current. The
oscillations are so large that it is likely that the discharge is truly extinguishing on the low

side of the sinusoid. In fact, the sharp bottom edge of the global light intensity (the left-hand
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Figure 8.37: HSC results for the Inner channel in the IMO configuration at 300 V, 0.63j,.¢:
(a) the 2D Fourier transform, (b) the ¢ — ¢ diagram, and (c) the PDF.
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heavily enough that it is extinguishing can be thought of as a clipped sine wave.

plot of Figure 8.37¢) seems to corroborate this. The discharge extinguishing can be thought
of as a sinusoid clipping, and the PDF of a clipped sinusoid increasingly skews to a single peak
with a long tail. This is illustrated in Figure 8.38, which shows the PDF's that result from
sine functions clipped at various magnitudes. Ultimately, we suspect that this aggressive
oscillation was due to a hysteretic effect related to how the channel was lit, perhaps related
to the channel struggling to couple with the cathode. As discussed in Appendix A, the
X3 experienced a small number of oscillation anomalies that appeared to be related to the
lighting of a channel when other(s) were already firing. We returned to this firing condition
later in the test campaign and the Inner channel experienced typical oscillations for IMO
operation and exhibited typical HSC data, unlike what is shown in Figure 8.37.

The next atypical condition was for the Middle channel operating in the MO configu-
ration, the results of which we present in Figure 8.39. Here, the Middle channel exhibited
oscillations that were very similar in character to those exhibited by the Inner channel above.

The Fourier transform uncovers a sharp breathing mode peak and at least one visible har-
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monic (at approximately 15 and 30 kHz, respectively) and shows some features in the m > 0
spoke modes. The spoke surface plot shows distinct, periodic oscillations without any sign
of spoke-like features. Much like the Inner channel above, the global light intensity and
subsequent PDF indicate the discharge may be extinguishing during the period of the oscil-
lation, though perhaps not to the degree of the Inner channel seen in the previous example.
Indeed, the P2P value for this condition was approximately two times the mean discharge
current. Once again, we suspect this may be a hysteretic effect related to the coupling with
the cathode for this channel. Later in the same test day, we operated the thruster in the IMO
configuration at the same discharge voltage, current density, and magnetic field conditions,
and the Middle channel exhibited typical oscillations and HSC results unlike those shown
here.

The final outlier in the HSC analysis was the Outer channel operating in the IMO con-
figuration at 500 V, 1.0j,r. This condition was different than all others observed in this
test campaign. As shown in the temporal plot of the global light intensity in the left of
Figure 8.40c, the discharge was characterized by occasional, somewhat periodic spikes of the
discharge brightness that were several times the typical level of oscillation. As shown in the
spoke surface, which captures one of the spikes at around 0.7 ms, the oscillations in the chan-
nel were otherwise very typical. These surges of brightness occurred at approximately 1 kHz,
which is reflected by the increase in the Fourier transform results at very low frequencies.
These surges did not appear in the other two channels operating at the same time, and their
source is unclear from these data. Other than the surges, the oscillations appear typical in
character as demonstrated by the Fourier transform, spoke surface, and PDF results. The
PDF has a long tail due to the spikes but is otherwise very Gaussian in shape.

For all three of these outlier cases the thruster performance did not vary significantly or
fall out of family from other test points at similar conditions. More work is necessary to fully
understand the mechanisms behind these oscillations and the reasons that the oscillation

mode would occasionally change, but it is nonetheless encouraging to see that thruster

276



2D DFT of spoke surface

1010 -

=
o
E)

Spoke Surface from 0.00 ms to 1.11 ms

360

Signal Power Spectral Density, Arb. Units / Hz

10° 00
> 250
38
)r\ 20 20 5
=3 <
\ L) N 8 150 @
’0 ’ hMWW 3 180 ¢
104 *“. 'l l /| ‘A\-\ "M\ i R RAN DA \ = 100 £
m=0 Breathing Mode | | 'W '\\',lr \MA\‘ AVY ! ‘[»"‘v £ a
m=1 Spoke Mode | ‘ E 120 50
m=2 P4 0
m=3 60 50
102 , , , , . . . . . |
-100
0 10 20 30 40 50 60 70 80 90 100 0
0 02 04 06 08 1
Frequency, kHz Time, ms
(a) 2D Fourier transform (b) Spoke surface (¢ — ) plot
300 T T T T T 350
250 |
5 5 ]
< <
2 2
o) ]
= £ 4
= =
2 =l
s} | ]
© ©
Qo o
=] o
o [0} 4
. . . . . 150 . . . .
0 2 4 6 8 10 12 0 0.002 0004 0006  0.008 0.01
Time, ms Probability, a.u.

(c¢) Probability distribution function

Figure 8.39: HSC results for the Middle channel in the MO configuration at 500 V, 0.63j.s:
(a) the 2D Fourier transform, (b) the ¢ — ¢ diagram, and (c) the PDF.
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(a) the 2D Fourier transform, (b) the ¢ — ¢ diagram, and (c) the PDF.
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performance is not adversely affected when the oscillations do change.

8.5.1.6 Discussion

The HSC analysis indicated that the X3 was operating in a similar oscillation mode not only
for all channel combinations at a given discharge voltage and current density but in fact for
practically all conditions tested. The fact that the thruster operated in the same oscillation
mode across all channel combinations and conditions has important implications both for
thruster design and for ground testing.

To date, no HSC measurements have been performed on a Hall thruster larger than the
20-kW NASA-300MS [12]. The analysis presented here thus represents not only the first
detailed HSC study of the X3 but also the first of a Hall thruster operating in excess of 20
kW and the first on discharge channels the size of both the Middle and Outer channels. The
Middle channel of the X3 is approximately the same diameter as the NASA-457M, which
never had any HSC studies performed on it. The Outer channel represents the largest Hall
thruster discharge channel ever built. It is a significant result that these three discharge chan-
nels demonstrated nearly identical oscillation modes. These data indicate that scaling Hall
thruster discharge channels using the NASA /Manzella scaling [11] results in oscillations that
are of the same mode and character at a given discharge voltage/current density /magnetic
field strength condition regardless of channel diameter or discharge power. This then implies
that the mechanism driving these oscillations is borne from a feature (or features) of the
thruster that are constant across all channels with this scaling technique, features such as
current density, channel length, magnetic field topology, etc. Though more work is needed to
identify the mechanism behind these oscillations, our results here indicate that oscillations
stay of a similar mode and frequency for Hall thruster discharge channels up to approximately
80-cm diameter and channel power levels up to 55 kW (the maximum power the outer chan-
nel was tested to). No new oscillation modes have been identified in these larger channels

or in multi-channel operation, implying that ongoing work in understanding the physical
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mechanisms driving oscillations in 6-12 kW thrusters [12,60,61, 63, 193] will directly relate
to the oscillations in NHT's, high-power thrusters, and large-diameter thrusters.

These results also have significant implications for ground testing. Previous work by
Huang with the 12.5-kW NASA HERMeS thruster demonstrated that for that lower-power,
magnetically-shielded thruster, oscillation characteristics did not change significantly with
increasing facility background pressure, except for a single 800-V condition [63]. Though our
experiments were not as rigorous as Huang’s study, a given discharge channel did not see
significant changes in oscillation mode between single- and multi-channel operation. There
was a change in oscillation strength on the Inner and Middle channels that has not been fully
explained by this work, but as discussed in Chapter 7, it seems as though these are not driven
by changes in facility background pressure. For a given discharge voltage/current density
test point, each channel experienced a significant variation of facility background pressure—
approximately a two-fold increase in pressure for the Outer channel between single- and
three-channel operation and nearly a six-fold increase for the Inner channel. The fact that
these large changes in facility background pressure, which are of similar span as a number of
background pressure studies in the literature [63,111], do not appear to affect the oscillation
mode of the X3, implies that there are not any significant background-pressure effects to
attempt to remove from the data.

Large variations in background pressure across conditions are an unfortunate consequence
of the large throttling ranges of NHTs. Maintaining a constant facility background pressure
through downstream injection of propellant is likely prohibitively expensive for higher-power
thrusters, which are already prone to higher propellant costs due to their large flow rates.
Additionally, artificially increasing the pressure moves the test environment farther from
space-like conditions, which goes against general ground-testing philosophy. Though the
pressures experienced in VF5 during higher-current operation of the X3 were in excess of
what is currently suggested for Hall thruster test conditions [111,220], the fact that the

oscillation character did not vary significantly between these higher-pressure conditions and
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those at lower pressures is encouraging for future characterization and flight-qualification of

the X3 and other high-power Hall thrusters in testing facilities with finite pumping capability.

8.5.2 High-Speed Discharge Current Analysis

Additionally, at each performance test point we collected high-speed discharge current mea-
surements using the current guns and oscilloscopes described in Chapter 4. These measure-
ments were triggered by the HSC data acquisition and thus are synchronized to those data.
We applied a fast Fourier transform to these results as well, and from that calculated a PSD.
These PSDs can only study the m = 0 global oscillation mode since no spatial information is
known. However, we can compare these results to those from the HSC analysis as a verifica-
tion of the HSC technique. The HSC and the high-speed discharge current (HSDC) analysis
should both capture the m = 0 oscillations of the thruster.

Figure 8.41 presents four example conditions comparing the HSC results with those from
the HSDC analysis. The HSDC traces have been filtered using a Savitzky-Golay technique
for clarity [183]. We find that the traces from both techniques exhibit the same shape and
features. The peak locations, widths, and relative heights match between the two analysis
techniques, though the absolute magnitudes of the traces differ due to the differences in both
the raw data and in the analysis techniques. These example results are representative of the
correlation between the two techniques across the test matrix. The HSDC analysis also
captures the atypical results such as those for the Inner channel in the IMO configuration at
300 V, 0.63j,.s. We present a comparison of these results in Figure 8.42. The same series of
peaks is clearly distinguishable on both traces, indicating that the result was not an artifact
of the HSC analysis technique. No further data analysis is necessary with the HSDC traces,
as we have extracted all relevant information from the HSC analysis above. However, we
take the strong similarity between the two results, including the capturing of the atypical

features of certain conditions, as a validation of the HSC technique.
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Figure 8.41: Four examples of PSDs of the m = 0 oscillation mode captured with the HSC
analysis (left) and the HSDC analysis (right) for the Inner and Middle channels operating
at 400 V, 1.0j,.r. These results demonstrate that the HSC and HSDC analyses capture the
same results in both single- and multi-channel operation.
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Inner channel in the IMO configuration at 300 V, 1.0j,.s), demonstrating that the features
were captured by both (a) HSC and (b) HSDC analysis.

8.6

Summary

We have shown that on average the X3 provides phenomenological efficiency values and

trends that are very similar to the NASA-300M. This indicates that the X3 is operating

as designed not only in terms of raw performance but also in terms of the various plasma

mechanisms at work inside the discharge. These include:

e Anode efficiencies that increase with discharge voltage and range from 0.65-0.68

(£0.03).

Charge utilization efficiencies that decrease slightly with discharge voltage from 0.98—

0.97 (£0.005), which indicates an increasing population of multiply-charged ions with

discharge voltage.

Voltage utilization efficiencies that increase with discharge voltage from 0.93-0.96

(£0.01).

Divergence-weighted current utilization efficiencies that increase with discharge voltage

from 0.74-0.78 (+0.11).

Divergence-weighted mass utilization efficiencies that decrease with discharge voltage.

For the X3, these values ranged from 0.95-0.93 (+0.11), whereas for the NASA-300M
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they ranged from 1.00-0.96 (+£0.04). Discrepancies between thrust-derived and probe-
derived anode efficiency for the NASA-300M, as well as results that were unphysically
greater than unity for certain test conditions, made determination of the exact cause

of the difference between the two thrusters difficult.

We then demonstrated that the various channel combinations of the X3 provided similar
anode, charge, and voltage utilization efficiencies but that both the divergence-weighted
mass and divergence-weighted current utilization efficiencies varied between combinations.
The variation in 7,,; was explained once a calculation of the cross-channel ingestion effects
was completed; with these effects accounted for, the values were much more similar across
channel combinations. Preliminary calculations of these cross-channel effects, which will still
be present in space and are not ground-test artifacts, indicate that they could account for
average efficiency boosts on the order of 5%, although continued work is necessary to better
characterize these effects and separate them from other facility-related effects.

High-speed camera analysis indicated that for nearly all conditions tested, the X3 oper-
ated in an oscillation mode characterized by a dominant breathing or m = 0 mode, a broad
low-frequency breathing mode peak, and non-sinusoidal oscillations within the discharge
that were de-coupled between channels operating simultaneously. This oscillation mode was
present for both single- and multi-channel operation and a range of background pressures.
This has important implications for future ground testing of the X3, as it indicates that the
oscillation mode is not changing drastically across a large variation in facility background
pressures. Performance can reasonably be compared between conditions if proper accom-
modations for facility neutral ingestion are made. The results from the high-speed camera
analysis, including the small number of conditions that did not match the typical results,
were also captured in high-speed discharge current analysis, a validation of the high-speed

camera technique.
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CHAPTER 9

Conclusions and Future Work

“There can be no thought of finishing [work on rockets/, for “aiming at the stars,”
both literally and figuratively, is a problem to occupy generations, so that no matter
how much progress one makes, there is always the thrill of just beginning.”

— Robert Goddard in a fan letter to Orson Wells, 1932 [221]

“Predictions of when EP will be implemented have been repeatedly demonstrated to

be speculative.”

— Michael Patterson and James Sovey [136]

9.1 Conclusions

9.1.1 Summary of Work

The work performed here culminated in demonstrating that the X3 100-kW class nested
Hall thruster provides state of the art performance across a throttling range of 300-500 V
and 5-102 kW total power. In addition to that success, there are a number of technical
achievements contained within this work.

By expanding an existing system mass and cost model to incorporate the unique benefits
and features of NHTs, we demonstrated the system-level impact on mass and cost of imple-

menting high-power NHT's on missions in excess of 500 kW total system power. NHTs are
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capable of providing system mass savings on the order of 10%, which translate to similar cost
savings by reducing the required number of thrusters to minimize system mass. Continued
development work of NHT's will provide valuable additional information to refine this model
further. Additionally, the model does not capture the wide throttling range of NHT's, which
is another factor to consider when studying the full potential mission impact. The 10%
savings can be viewed as a lower-bound estimate of the savings that NHTs are capable of
providing.

The two low-power tests of the X3 that we performed at the University of Michigan
identified a number of issues that may have precluded successful high-power operation. These
included magnetic field optimization, thruster isolation, and propellant leak concerns. These
issues were all addressed before high-power testing at NASA GRC, and the success of the
GRC testing validated the repairs made. In addition to identifying these issues, the low-
power tests demonstrated expected trends with swept magnetic field strength, which provided
valuable information for subsequent high-power thruster performance mapping. We captured
thermocouple measurements throughout the thruster operation, and we operated the thruster
to a limited thermal steady-state condition at low power levels. These test results were later
compared by Reilly to thermal modeling performed at JPL [93].

At GRC, we successfully characterized the X3 across a range of 5-102 kW total power,
and in the process demonstrated new capabilities of Hall thrusters in total power, discharge
current (a maximum of 247 A), and thrust (a maximum of 5.4 N). We measured the perfor-
mance and studied the plasma plume of the thruster across the throttle table, which included
test points for all seven available channel combinations. The performance results were com-
pared to similar data from a series of high-power, single-channel Hall thrusters that were
designed with similar techniques and principles as the X3: the NASA-300M, NASA-400M,
NASA-457Mv1, and NASA-457Mv2. The results indicate that the X3 is operating with state
of the art thrust-to-power ratio, specific impulse, and efficiency. The X3 also demonstrated

similar trends with discharge voltage as the other high-power thrusters.
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The plasma plume results indicated that the X3 operates with similar charge, voltage,
current, and mass utilization as the NASA-300M single-channel Hall thruster, a 20-kW
thruster developed with similar scaling and design techniques as the X3. These similarities
are a validation of using these design techniques to scale to thruster powers in excess of
100 kW. Values measured include anode efficiencies between 0.65-0.68, charge utilization
efficiencies of 0.97-0.98, and voltage utilization efficiencies of 0.93-0.96. Due to the lack
of a swept Faraday probe to collect beam profile information, we calculated current and
mass utilization efficiencies as “divergence-weighted” parameters because the divergence uti-
lization efficiency could not be de-coupled from them. We performed similar calculations
on Huang’s published NASA-300M data [108]. Initial calculations indicated that the X3
matched the NASA-300M with divergence-weighted current utilization (with values ranging
from 0.74-0.78) but that the X3 produced consistently lower values of divergence-weighted
mass utilization (the X3’s values ranged from 0.93-0.95 and were approximately 0.05 lower
than those for the NASA-300M). Reasons for this difference were not clear from the data, and
the uncertainty on both the X3 and NASA-300M data are large enough that the difference
is not statistically significant.

In addition to the comparison of average behavior to that of the NASA-300M, we per-
formed a comparison between the various channel combinations available in the X3. This
comparison indicated that at 400 V (the largest set of data available in the experiment and
the one selected for analysis here) the various combinations all exhibited comparable anode,
charge utilization, voltage utilization, and divergence-weighted current utilization efficien-
cies, but that the divergence-weighted mass utilization efficiency was noticibly higher for
multi-channel conditions over single-channel ones. However, a preliminary calculation of the
effects of cross-channel neutral ingestion suggested that this effect may be responsible for
this difference, and when this ingestion was separated from the divergence-weighted mass
utilization efficiency, the values were comparable across all conditions. This effect was fur-

ther shown to potentially be responsible for an increase in thruster efficiency of 0.01-0.09.
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This effect is expected to occur on orbit, though further work is needed to de-convolve a
number of effects captured together in the present analysis.

We made high-speed camera measurements to characterize the oscillatory behavior of the
X3. This analysis demonstrated that each channel of the X3 operates in a similar oscillatory
mode across the conditions tested. This mode is characterized by a dominant breathing or
m = 0 mode, a broad low-frequency breathing mode peak, and non-sinusoidal oscillations
within the discharge that were de-coupled between channels operating simultaneously. These
measurements were the first of their kind for a 100-kW class Hall thruster and for discharge
channels the size of the Middle and Outer channels of the X3, and the fact that these
larger discharge channels demonstrated similar oscillatory behavior as the smaller Inner
channel has important implications for future design of high-power Hall thrusters using
existing scaling techniques. The power spectra of the high-speed camera analysis indicated
that a high-frequency peak often existed during X3 operation, and results showed that this
peak consistently occurred at values of 70-80 kHz for the Inner channel, 60-70 kHz for the
Middle channel, and 40-60 kHz for the Outer channel, regardless of whether the channel
was operating alone or with others. The source of this high-frequency content was not clear
from the available data.

Discharge current oscillation measurements made with high-speed oscilloscopes and cur-
rent measurement guns during thruster testing indicated that the strength of the oscillations
changed dramatically for the Inner channel, and to a lesser extent the Middle channel, when
operating with other channels as compared to operating alone, while the oscillation strength
for the Outer channel was essentially unchanged between single- and multi-channel condi-
tions. A limited exploration of this phenomenon with the Inner channel suggested that it was
not related to the operation of the other channels or the increase in facility background pres-
sure, though further exploration is certainly required. To study this phenomenon further, a
correlation study was performed using various parameters of the high-speed camera analysis

to see whether the difference in oscillation strength was correlated with any other parameters
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of the discharge oscillations. This analysis studied the location of the aforementioned high-
frequency peak, as well as the strength of both the low- and high-frequency peak, the width
of those peaks, and the relative strength between the two, and found no correlation between
any of these parameters and the difference in oscillation strength. Though this difference in
oscillation strength requires further investigation, otherwise the oscillations across operating

conditions of the X3 were very similar in character.

9.1.2 Implications of Work

This work has a number of important implications. The results from the X3 have demon-
strated the capability of Hall thrusters to operate efficiently at 100 kW and 2300-2500
seconds specific impulse. A number of mission studies demonstrate that specific impulses
of this magnitude are critical for near-term human exploration roles such as cargo and (at
higher propulsion system power levels) crew transport. Previous 100-kW operation by the
NASA-457Mv1 was at a lower total efficiency (0.58 versus 0.63 here) and at a much higher
specific impulse (3460 seconds versus 2300-2500 seconds here), too high for most cargo and
crew missions. Though the X3 is designed to be capable of specific impulses matching or
exceeding the NASA-457Mv1, high-power, low-specific impulse operation has many mission
applications. To illustrate this, we present in Figure 9.1 the same diagram that we showed
in Figure 2.1, but with two markers added indicating the two 100-kW test points of the X3
(400 V/5.4 N/99 kW and 500 V/5.0 N/102 kW). As can be seen, the X3 has pushed the
boundaries of Hall thruster operation.

These results also demonstrate the viability of using established Hall thruster scaling
methodologies to design NHTs. The X3 demonstrated performance comparable to other
thrusters designed with this technique, indicating both that efficient, state of the art Hall
thruster discharge channels can be built with diameters of at least 80 cm, and that multiple
discharge channels can be nested together and throttled to high power without issue. The

X3 showed no indication of cathode coupling issues for the larger channels or during multi-
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Figure 9.1: A plot of the thrust-versus-specific impulse trade space inhabited by various types
of propulsion with two new markers indicating the two 100-kW operating points demon-
strated with the X3 during this work.

channel operation, although work is needed to characterize this further.

This work also demonstrated the feasibility of ground-testing 100-kW class EP. We suc-
cessfully operated at 240 mg/s xenon flow rate at 247 A discharge current while maintaining
a facility background pressure of 4.2x10~> Torr in VF5 at GRC. These pressures are low
enough that significant thruster characterization is possible while maintaining a reasonable
space-like environment. Additionally, the facility showed no indications of issues managing
the thermal load from the thruster up to 102 kW. However, these results also demonstrate
that as EP systems continue to grow in power level, new space simulation facilities will be
required. Though reasonable characterization of the X3 is possible with existing facilities,
thrusters larger than the X3 will begin to exceed facility pumping and heat-load capabil-
ities. The need for improved testing facilities has become increasingly apparent with the
continued increases in electric propulsion capability. NASA recently refurbished VF5’s sister

chamber Vacuum Facility 6 for EP testing and hope to add pumping speed capability to
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that facility soon to match or perhaps exceed the capability of VF5 [222]. Looking farther
ahead, Rodriguez recently presented a proposed design for a national space simulation facil-
ity that would offer ten times the pumping capability of VF5 [223]. Their work suggested an
initial capital investment of $25M and an operating cost of $1.5M per year. As a metric of
affordability, the authors noted that for the cost of a single launch at the current expected
cost on NASA’s Space Launch System (and thus one in-space demonstration of a high-power
EP system), this facility could be built and then operated for 50 years. Both the need and
the economic viability of developing new, advanced space simulation facilities for the next

generation of EP technology are clear.

9.2 Recommendations for Future Work

The results from this work have suggested a number of future studies to be performed on
the X3. We detail these briefly below. These studies are intended to highlight the vast
experimental array available with a thruster as large and complex as the X3. One of the
challenges in operating the X3 effectively is fixing enough variables to determine a meaningful
result, and many of these suggestions for future work are intended to explore in more detail
these parameters we did not vary or sweep during the work described above. Not all of these
experiments specifically require the X3 (though some certainly do), so these suggestions can
be viewed as future work toward the development of NHTs and high-power Hall thrusters

in general.

9.2.1 Full-Power Operation

As has been noted, the X3 is designed to operate at powers up to 250 kW. Thus although the
results here represent progress in increasing the demonstrated power, discharge current, and
thrust capabilities of Hall thrusters, the X3 should be capable of even more. Brief testing

at voltages in excess of 500 V at the end of the GRC campaign showed promising operation
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from the thruster, and a small number of thruster improvements are being made based on
lessons learned from that test. Future testing should be able to run the X3 at discharge
voltages up to the 1000 V design point. A performance characterization similar to the one
performed here for the higher-voltage, higher-power portion of the X3’s throttle envelope is
required to fully understand the device. These results may also provide more insight into

some of the unexplained phenomena observed during these tests.

9.2.2 Magnetic Field Optimization for Multi-Channel Operation

As we noted throughout this work, magnetic field optimization during multi-channel opera-
tion of the X3 at high power was limited. We identified a number of performance trends in
these data that indicate that a more detailed study of the magnetic field for these conditions
is warranted. Further optimization of the field for these conditions may improve performance
and/or identify performance losses due to multi-channel operation.

Another idea that was explored but ultimately not implemented was to perform fast I-B
maps [178] on individual channels of the X3 while others are firing. No detailed study of
the effect of sweeping one channel while another is firing has been performed yet. This kind
of study could potentially provide valuable information on not only thruster operation and

cathode coupling but also effects on the plasma impedance during multi-channel operation.

9.2.3 Low-Power Operation

Based on the evolved understanding of the X3 thruster and the optimal ways to operate it,
we recommend returning to the low-power (30 kW) test conditions once again to evaluate
whether the low performance observed during Florenz’s work and the early work presented
here can be improved upon. With the improved understanding of the magnetic field as well as
the repaired anode welds, it is likely that the thruster now is capable of typical operation at
these powers. The thruster operated as expected at a condition very close to that condition

during the high-power tests (38 kW total power). One of the key aspects of the X3 is not
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only its large total power but its wide throttling range, so verifying performance at the low
end—and understanding why performance worsens, if it does—is an important part of fully

characterizing the thruster.

9.2.4 Continued Magnetic Field Improvement

The X3 demonstrated state of the art efficiency during the high-power test at GRC. The
thruster was typically operated at magnetic field current ratios optimized by modeling work
done by Cusson [205]. However, for a small number of conditions, an additional magnetic
field topology optimization was performed in which the current ratio was swept to minimize
discharge current. The results from these two test conditions (for the Middle channel at
500 V) provided some of the best efficiency of the entire test matrix, indicating that more
work may be necessary, including a verification that the model used to develop the settings

matches the thruster as it was built.

9.2.5 Beam Profile Characterization

Although the probe suite used in the GRC testing provided critical information about the
plasma plume of the X3 and thus the thruster’s operation, a key diagnostic missing from
the campaign was a swept Faraday probe to characterize the beam profile and divergence
angle. In addition to providing a measurement of beam current I, a beam profile measure-
ment is important for spacecraft integration. Measuring the beam profile across all channel
combinations of the X3 will provide valuable information about how the beam profiles from
each channel are merging and interacting in the plume region of the thruster. This analysis
should be performed in both the near-field [107] and far-field plume [108] of the X3.

In addition to a swept-Faraday probe analysis, measurement of the ion velocity profile
off-centerline will offer insight into the charge-exchange populations in the beam [219]. The
role that charge-exchange processes play in the characterization and operation of the X3 in

ground-test facilities is of special importance due to the relatively large background pressures
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at which the thruster operates.

9.2.6 Continued Investigation of Oscillation Behavior

One of the biggest questions uncovered by this work concerns why the discharge current os-
cillations change so significantly in magnitude between the single-channel and multi-channel
operation for the Inner and Middle channels. A number of different experiments are sug-
gested to explore this phenomenon further. To determine whether the increase in oscillations
is simply due to the strong wear bands already established on the discharge channel ceram-
ics, new channel ceramics could be installed in the thruster and the test matrix repeated.
Additional suggested tests include sweeping the magnetic ratio of each channel to study the
effect on the oscillation strength and laser-induced fluorescence (LIF) measurements to study
potential changes in the location of the acceleration zone within the channel between the
single- and multi-channel magnet settings.

Another aspect to this study would be a more focused study of the cathode oscillations
and the way they interact and coexist with the discharge channel oscillations. This should
involve both high-speed camera analysis and high-speed discharge current measurements. A
correlation study between the cathode and channel oscillations can be performed to study
how oscillations—and perhaps thruster transients—transit between the discharge and the

cathode in a complex multi-channel system.

9.2.7 Laser-Induced Fluorescence

In addition to the study above, a more thorough LIF campaign would provide important
insight into the operation of the X3 and of high-power Hall thrusters in general. None of
the NASA high power thrusters has been subject to a LIF study, and the highest power
Hall thruster to be studied with LIF to date is the 12.5-kW NASA HERMeS thruster [224].
A LIF study of the X3 would provide information on how the acceleration region in each

of the channels differs and varies between conditions. Because of how similar the channel
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cross-sections of the X3 are, any differences in these measurements would be important from
a thruster design perspective.

A study like this does present significant technical challenges to overcome. The larger
beam of the X3 will make properly locating and shielding optics more difficult. Also, typical
LIF is performed with the optics stationary in the vacuum facility (due to the difficulty
involved in alignment) and the thruster on motion stages such that it can be moved to
interrogate different points within the discharge. Safely and effectively mounting a 230-kg

thruster onto motion stages will take significant design work.

9.2.8 Channel Coupling Study

To better understand potential channel coupling in the X3, the experiment performed by
Georgin [187] and Cusson [204] could be repeated on the X3. In doing so, the X3 would be
operated in a more similar manner between channel combinations to limit the differences
between conditions (e.g., the same electromagnet settings for all conditions, which was not
true for the present study). Results from this type of study would expand the NHT knowledge
base as well as add important knowledge to Hall thruster scaling and design principles. If the
results appear similar between the X2 and the X3, the X3 offers a testbed for further study
and physical insight with the additional channel. In addition to testing the three channels
together and configurations with two channels adjacent to each other, the X3 allows for
operation with two channels separated by a larger distance (the IO configuration). Measuring
the differences in effects between the various two-channel configurations, and how they sum
in the IMO configuration, will offer further insight into the channel coupling mechanisms in
NHTs. And if the results do not match the X2, as these preliminary results suggest may be
the case, once again physical insight gained through the expanded available test matrix has
the potential to offer great insight into the differences between the two thrusters. This type

of knowledge is critical for the continued development toward flight readiness of NHTs.
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9.2.9 Background Pressure Study

As has been discussed in detail in this work, the large throttling matrix of the X3 imposes
a large range of test facility background pressures during thruster operation and charac-
terization. Previous work has shown that a 6-kW magnetically shielded Hall thruster was
significantly less susceptible to the effects of changing background pressure with a centrally-
mounted cathode than with an externally mounted one [111]. This type of study should be
repeated on the X3. The cost of xenon is such that maintaining a fixed background pressure
during all X3 operation would be prohibitively expensive. However, performing this type of
test a single time for a representative set of conditions would both eliminate concerns about
changes in background pressure affecting thruster performance measurements and poten-
tially offer further insight into how the thruster is sharing propellant during multi-channel
operation. By sweeping the background pressure for each channel combination and studying
how much propellant is ingested from the facility (by either operating the thruster with con-
stant discharge current and monitoring the change in necessary flow rate, or by operating
the thruster with constant anode flow rate and measuring the change in discharge current),
an understanding of how much each channel ingests from the facility can be gathered. From
these measurements, the remaining deficit can be more accurately accounted for and related

to cross-channel neutral sharing.

9.2.10 Extended Total Cathode Flow Fraction Study

As we present in Appendix A, we operated the X3 stably down to a total cathode flow
fraction (TCFF) of 3% at a single example operating condition. However, this test was by no
means conclusive. A further study of low-TCFF operation of the X3 should be completed.
This study should encompass multiple discharge voltages, current densities, and channel
combinations to better map out the thruster response across the throttle table. Additionally,
a stability study should be completed, including a detailed study of the effects of lighting an

additional channel at a low TCFF. Thruster performance should also be thoroughly mapped
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across the range of TCFF values.

9.2.11 Study of Cathode Downstream Neutral Injection

In addition to the study of low TCFF, a study should be completed that looks at the role that
the cathode downstream neutral injection plays in the operation of the X3. No detailed study
of X3 operation with varying flow split has been performed to date. By studying this with
techniques including plasma plume diagnostics and thruster performance measurements,
insight can be gained on the most optimal way to operate the JPL cathode with the X3
across the range of operating conditions. This test matrix should span a wide range of
discharge currents and include different channel combinations and magnetic field settings to
identify the effect that various parameters have on cathode operation and cathode/discharge
coupling. At each test point, multiple TCFF values can be tested, and for each TCFF, the
flow can be variably split between the injectors and the cathode center. As discussed in
this work, we suspect that the downstream neutral injection from the cathode may play a
role in the way the large Middle and Outer channels of the X3 couple with the cathode;
this study would help to illuminate that mechanism better. This has broader implications
for high-current cathodes, NHTs, and high-power Hall thrusters in general. For instance,
the NASA-400M reported requiring much larger cathode flow rates than what is typical for
Hall thrusters to maintain reasonable levels of thruster/cathode coupling [76]. Downstream

neutral injection may show itself to be a means of surmounting these issues with TCFFs well

below the 34% required by the NASA-400M.

9.2.12 Thruster Body Electrical Configuration Study

To date, the X3 has always been operated in a grounded configuration. The entire outer
surface of the thruster is coated in a dielectric aluminum oxide coating, and results from the
high-power test at GRC indicated that less than 2 A of current was collected by the body at

discharge currents as high as 250 A, indicating that the coating is working in isolating the
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thruster body from the plasma. However, a thorough study similar to that performed on the
HERMeS thruster [179] should be performed just to verify that the electrical configuration
of the body does not affect thruster performance. Plume measurements like those by Huang
on the HERMeS thruster would shed more light into any effects from the body electrical

configuration [219].

9.2.13 Other X3-based Experiments

The X3, with its large size and unique three-channel nested lens magnetic field topology,
provides an opportunity for study of Hall thruster physics in greater detail than previously.
One potential area of study is that of the effect of magnetic lenses between the cathode
and the discharge. The X3 provides a means to study not only a single lens between the
discharge and the cathode like the X2, but two lenses (for the Outer channel) and a lens
between two firing channels (in the IO configuration with the M magnets on). A study like
this should measure near-field plume properties, thruster performance, and perhaps even
collect LIF measurements to study changes in the plasma within the discharge channel.

One other potential area of study is that of the role of dormant anodes in the electrical
and plasma circuit of the X3. Normally, dormant anodes were left electrically floating, and
typically floated to values on the order of 10 V above ground during operation. However,
in some cases the anode of a dormant channel would float as high as 50 V above ground.
Usually, anodes between the firing channel and the cathode were more susceptible to these
effects than those outside of the firing channel. However, no thorough study was completed.
An electrical study, similar to that performed on the thruster body with the HERMeS
thruster [179], could be performed with the dormant anodes to study what the effect on
thruster performance and operation is from leaving them floating, grounding them, or tying
them to the cathode. This study could involve the thruster body electrical configuration as
well.

A final thought for an experiment would be to use the dormant anodes as swept Langmuir
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probes or use them for some other diagnostic means. Although they are large and these types
of sweeps would likely be perturbing, they may shed light into the character of the plasma
in these regions of the thruster. An alternative that would likely be more successful and less
perturbative is outfitting the X3 with wall-mounted Langmuir probes in a style similar to
those used by Shastry on various Hall thrusters [225-227]. This would be doubly beneficial
because they could be used not only to characterize the near-wall plasma of a given channel
when it was firing, but could also be used to characterize the plasma within that channel
when it is dormant—and how that plasma changes with variations in operating condition
and channel electrical configuration. This type of study, though technically challenging for a
thruster the size of the X3 (and with BN segments like the X3), could provide very valuable

characterization of the plasma between a firing discharge channel and the cathode.
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APPENDIX A

Operation at Low Total Cathode Flow

Fraction

Typically, the cathode flow in Hall thrusters is set as a fraction of the anode flow, often be-
tween 5-10% but in excess of 30% for some thrusters [76,100]. As discussed, Hall thrusters
are traditionally scaled to high power by maintaining discharge current densities and increas-
ing the exit area and thus the total discharge current [11]. As such, anode flow rates typically
scale linearly with thruster power level. For the X3, this translates to total anode flow rates
of approximately 250 mg/s of xenon at 250 A operation. However, hollow cathodes do not
require the same linear flow rate increase with current, and in fact, high flow rates (e.g., 25
mg/s for 10% TCFF at 250 A operation) can disrupt cathode operation. Hollow cathodes
require internal pressures on the order of 1 Torr to operate effectively and to experience
uniform insert heating [97].

The JPL-designed high-current cathode features a unique propellant design utilizing ex-
ternal gas injectors [174]. Recall that for this cathode, we use the total cathode flow fraction
(TCFF), which includes both the cathode center and injector flow as described in Equation
4.1. These external injectors serve two purposes. First, they provide a secondary flow path
for cathode flow in excess of what is necessary to maintain internal pressures of 1 Torr.
Secondly, they reduce energetic ions, a result that has significant implications for cathode
lifetimes. Work at JPL has shown that this cathode can operate at nominal xenon flow rates

of 16 sccm through the cathode and 20 sccm through the injectors up to discharge currents of

300



250 A. That work, as well as work done with the H6 6-kW thruster [100], has suggested that
it may be possible to operate the X3 with the JPL cathode at TCFFs much smaller than the
traditional 7-10%, especially at high-current conditions. However, to date, all X3 testing
has been performed with TCFFs of 7-10%. This TCFF was split with 16 sccm through the
cathode and the remainder through the injectors.

During this test campaign we demonstrated for the first time X3 operation with the JPL
cathode at reduced cathode flow fractions. For the IM condition at 300 V and 27.2 kW total
discharge power (26.3 A on the Inner channel and 64.2 A on the Middle), we reduced the
TCFF from 7% to 3% in 1% increments, leaving 7. at the JPL-recommended 16 sccm and
reducing rr;,j. At each TCFF setting, we measured thruster performance with the thrust
stand as well as the most probable voltage using the downstream RPA and the plasma
potential using the downstream Langmuir probe described in Chapter 4.

Figure A.1 shows the trends of the cathode to ground voltage, coupling voltage, thrust,
anode efficiency, and total efficiency as a function of TCFF. We found that cathode to ground
voltage only dropped 1.5 V more negative in going from 7% TCFF to 3% TCFF. As the
figure shows, over 1 V of this drop occurred between 4% and 3% TCFF. It is worth noting
that 3% TCFF for this thruster operating condition resulted in an injector flow rate below
the recommended 20 sccm from previous JPL work. Following work performed by Goebel

on the H6 6-kW thruster [100], coupling voltage is defined as:

Vcoupling = Vp + |ch| (A]')

where V, is the downstream plasma potential as measured by the planar Langmuir probe
and V,, is the cathode to ground voltage as measured inside the thruster telemetry breakout
box. Coupling voltage is an inefficiency or loss in Hall thrusters because it represents the
portion of the applied discharge voltage unavailable for ion acceleration. It can be seen that

coupling voltage increases with decreasing TCFF. This increase comes both from a decrease
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in cathode to ground voltage and an increase in plasma potential.

Thrust dropped approximately 17 mN in going from 7% TCFF to 3% TCFF, which is
approximately 1% of the thrust value. Half of this drop occurred in going from 7% to 4%,
and half occurred in going from 4% to 3%, which corresponded to the 1 V drop more negative
in cathode to ground voltage. Thrust uncertainty at this test point was approximately +43
mN, corresponding to 2.6% of full scale. Thus, the recorded drop in thrust was within the
uncertainty of the measurement.

We found that anode efficiency increased slightly between 7% and 5% TCFF before
decreasing from 5% to 3% TCFF. Anode efficiency values fell within a range of approximately
0.01. Due to the thrust uncertainty, the anode efficiency value had an uncertainty of + 0.03,
so these changes fell within the uncertainty of the measurements. Finally, total efficiency
increased 0.013 in going from 7% to 3% TCFF. This demonstrates that the efficiency gains
from the lower cathode propellant flow rates overcame the inefficiencies imposed on the
thruster discharge due to these lower flow rates.

Voltage utilization efficiency as a function of TCFF is presented in Figure A.2. We found
that, much like the other parameters, ny held nearly constant for TCFFs from 7% to 4% at
approximately 0.93 before experiencing a drop of nearly 0.03 in going from 4% TCFF to 3%.

We collected high-speed measurements of the discharge current using the current guns and
oscilloscopes described in Chapter 4. These measurements will indicate whether dropping
the cathode flow fraction has induced a mode transition in the thruster. Figure A.3 plots
the P2P value of the discharge current oscillations for each channel as a fraction of the mean
discharge current of that channel against TCFF. As can be seen, the oscillation amplitudes of
both channels decrease slightly with decreasing TCFF, but stay within 0.02 throughout the
sweep. Work has indicated that mode transitions in Hall thrusters are typically accompanied
by large changes in oscillation amplitude [48,106]. Therefore, these results indicate that the
mode of operation of both channels remained constant during the TCFF sweep.

This test demonstrated that the X3 NHT can be operated with the JPL cathode stably at
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Figure A.1: Various thruster parameters plotted as functions of total cathode flow fraction:
(a) cathode to ground voltage, (b) thrust, (c) anode efficiency, and (d) total efficiency.
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TCFFs of as low as 3% without major impact to thruster operation. The slight inefficiencies
encountered in the discharge due to these lower cathode flow rates are overcome by the total
system efficiency gain from using less propellant. Low-TCFF operation can offer increased
system efficiency as well as improved cathode lifetime, both of which are of interest to the
XR-100 NextSTEP program, and can do so with little impact on thruster operation.

However promising these initial results are, significant further work is necessary to verify
these trends with other thruster channel combinations and operating points. There are many
questions left unanswered by this test. During another portion of the test, the thruster was
operated in the MO condition at 5% TCFF when the Inner channel was started (to enter IMO
operation). In doing so, the Inner channel experienced P2P oscillations in excess of 110% its
mean discharge current and was visibly flickering through the vacuum chamber view port.
The M and O channels appeared unaffected on the high-speed discharge current monitoring
and through the view port. Adjusting the TCFF up to 7% settled these oscillations to values
closer to nominal for that channel in multi-channel operation, near 80% its mean discharge
current, and the visible flickering stopped.

This and other anecdotal experiences while operating the X3 during this campaign led
us to the conclusion that a higher TCFF is likely necessary during changes in operation
(at least changes in channel configuration if not large changes in voltage and/or current).
Higher TCFF, especially on this cathode where this translates to more cold neutral gas being
deposited at the exit of the cathode, helps to quench oscillations and helps the cathode couple
to the anodes. The shock of lighting a new channel may cause issues with that anode coupling
to the cathode which is already coupled to as many as two other channels. However, once
the coupling is established between the new channel and the cathode, it is possible that the
TCFF could again be dropped without issue.

However, this still leaves the question of thruster stability at low TCFF. The test we
describe here consisted of operation at each TCFF value of less than 10 minutes, and during

the entire test the thruster experienced no major discharge transients. It is possible that at
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low TCFF, a spark event or other momentary change in thruster behavior could de-stabilize
the thruster discharge for one or more channels. These questions, as well as those of the
role the facility [228] and the electrical configuration of the thruster body [179] (grounded
as it was here, floating, or cathode-tied) play in the phenomena observed, are a subset of
broader questions being answered by the community at large. Understanding in more detail
the source(s) of Hall thruster discharge oscillations and the role that ground-test facilities
play in the phenomena observed during thruster operation will provide further insight into

questions of cathode coupling and low-TCFF operation.

306



Table B.1: Low-power throttle table for X3 performance measurements at PEPL.

APPENDIX B

Low-Power Throttle Table

Var Iag | Vam  lam | Vao lao | Pas T Ipa Na Veg Db
v A A% A A% A | kW | mN S - vV | yTorr
300 13.6 0 0 0 0 4.2 278 1850 | 0.605 | -12.8 4.4
0 0 300 31.8 0 0 9.5 385 1430 | 0.284 | -11.8 9.6
0 0 0 0 300 54.7 | 16.4 | 611 | 1160 | 0.212 | -16.7 29
300 13.3 | 301 31.9 0 0 13.6 | 809 | 2280 | 0.665 | -13.0 13
299 13.6 0 0 298  54.9 | 20.4 | 1136 | 1800 | 0.490 | -13.2 39
0 0 298  31.7 | 299 55.2 | 256.9 | 1162 | 1510 | 0.332 | -12.5 66
300 13.7 | 300 32.6 | 300 55.2 | 30.4 | 1518 | 1840 | 0.450 | -6.8 94
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APPENDIX C

High-Power Throttle Table

Table C.1: 300 V throttle table for the X3 performance measurements.
Var — lar | Vam  lam Vao  luo Py, T Lpa Ly Na N Veg Db
A% A A% A v A kW N S s - - A% uTorr
300.2 16.3 0 0 0 0 4.9 0.35 | 1950 1820 | 0.69 0.64 | -14.0 4.6
0 0 296.4  39.6 0 0 11.7 | 0.82 | 1950 1830 | 0.67 0.62 | -11.7 | 10.2
0 0 0 0 300.3 68.6 20.6 | 1.35 | 2070 1950 | 0.67 0.62 | -11.9 | 159
300.0 16.5 | 301.0 39.7 0 0 16.9 | 1.15 | 1930 1800 | 0.65 0.60 | -9.6 13.8
300.0 16.0 0 0 300.4  68.9 25.5 | 1.63 | 2060 1940 | 0.65 0.60 | -10.1 18.5
0 0 303.3 39.0 | 300.3 70.0 32.9 | 2.12 | 2100 1870 | 0.66 0.58 | -10.3 | 23.0
299.8 16.5 | 303.1 394 | 300.3 70.1 37.9 | 2.38 | 2040 1920 | 0.63 0.58 | -9.5 25.5
299.5 264 0 0 0 0 7.9 0.56 | 2050 1920 | 0.71 0.66 | -10.9 6.6
0 0 292.6 63.8 0 0 18.7 | 1.28 | 2060 1930 | 0.70 0.64 | -10.5 14.5
0 0 0 0 300.2 110.2 | 33.1 | 2.11 | 2150 2010 | 0.67 0.62 | -9.9 22.9
299.3 27.5 | 3004 66.1 0 0 28.1 | 1.85 | 2100 1960 | 0.68 0.63 | -9.0 19.7
299.3 254 0 0 300.1 110.5 | 40.8 | 2.58 | 2110 2030 | 0.65 0.62 | -12.7 | 26.0
0 0 305.1  63.1 | 300.0 110.6 | 52.4 | 3.30 | 2102 2002 | 0.65 0.61 | -12.8 | 31.9
299.1 25.7 | 304.6 624 | 300.0 110.0 | 60.0 | 3.74 | 2070 1970 | 0.63 0.60 | -14.4 | 36.2
298.9 32.9 0 0 0 0 9.84 | 0.66 | 2040 1910 | 0.67 0.62 | -9.8 7.5
0 0 288.1 79.84 0 0 23.00 | 1.48 | 1950 1820 | 0.62 0.57 | -9.6 17.0
0 0 0 0 299.3 137.5 | 41.2 | 2.55 | 2150 2010 | 0.65 0.61 | -9.9 27.2
298.4 33.6 | 300.1 786 | 298.1 1385 | 749 | 4.64 | 2130 2020 | 0.65 0.61 | -11.4 | 42.2
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Table C.2: 400 V throttle table for the X3 performance measurements.
Vai Ly | Vam  lam | Vao L0 Py, T Lpa  Ispy Ta Ul Veg Db
A% A A% A A% A kW N S S - — A% uTorr
4004 16.2 0 0 0 0 6.5 | 0.39 | 2190 2050 | 0.64 0.59 | -13.7 4.3
0 0 400.1  39.8 0 0 15.9 | 0.93 | 2210 2060 | 0.63 0.59 | -12.6 9.7
0 0 0 0 400.0 68.9 | 27.6 | 1.58 | 2360 2200 | 0.66 0.61 | -10.7 15.9
400.2  16.9 0 0 399.7 68.8 | 34.2 | 1.94 | 2380 2220 | 0.66 0.61 | -10.1 18.5
0 0 394.8 38.9 | 399.6 69.7 | 43.2 | 2.45 | 2350 2200 | 0.65 0.61 | -10.4 23.0
400.1  16.5 | 3944 39.3 | 399.6 68.8 | 49.5 | 2.77 | 2310 2160 | 0.63 0.59 -9.8 25.6
399.77 26.4 0 0 0 0 10.6 | 0.61 | 2290 2140 | 0.65 0.60 | -11.48 6.3
0 0 399.5 63.7 0 0 25.5 | 1.49 | 2360 2210 | 0.68 0.63 | -10.6 14.1
0 0 0 0 399.1 106.9 | 42.7 | 2.40 | 2450 2330 | 0.68 0.64 | -10.9 22.0
399.6 25.9 | 399.5 634 0 0 35.7 | 2.07 | 2420 2270 | 0.69 0.64 -8.8 19.0
399.7  25.0 0 0 399.8 109.0 | 53.6 | 2.98 | 2450 2290 | 0.67 0.62 -9.7 26.6
0 0 393.0 64.6 | 399.7 109.8 | 69.3 | 3.94 | 2460 2300 | 0.69 0.64 | -10.8 32.6
399.5 25.7 | 401.0 64.1 | 399.6 109.9 | 79.9 | 4.49 | 2440 2240 | 0.67 0.61 | -10.8 37.0
398.6 33.8 | 402.7 76.1 | 398.2 136.9 | 98.6 | 5.42 | 2470 2340 | 0.67 0.63 | -11.3 41.8
Table C.3: 500 V throttle table for the X3 performance measurements.
Vai Lig | Vam Lam | Vao Lio Py, T Lypa  Lypy Na Ul Veg Db
\% A v A A% A kW N s S - - vV | yTorr
500.7 16.5 0 0 0 0 8.2 0.43 | 2460 2300 | 0.64 0.59 | -12.9 4.4
0 0 5009 39.3 0 0 19.7 | 1.08 | 2590 2420 | 0.70 0.64 | -12.9 9.9
0 0 0 0 500.4 67.4 33.7 | 1.77 | 2770 2580 | 0.71 0.66 | -12.2 | 14.7
500.5 17.0 | 500.6 39.1 0 0 28.0 | 1.37 | 2450 2290 | 0.59 0.54 | -9.1 12.6
500.4 16.8 0 0 500.3 67.5 42.2 | 2.19 | 2740 2560 | 0.70 0.64 | -9.9 17.8
0 0 508.6 37.3 | 500.6  68.8 53.4 | 2.62 | 2790 2590 | 0.67 0.61 | -12.1 | 20.7
500.2 18.0 | 499.2 38.1 | 500.6  68.6 62.4 | 3.28 | 2760 2580 | 0.71 0.66 | -10.2 | 25.1
500.1 26.1 0 0 0 0 13.1 | 0.70 | 2680 2500 | 0.71 0.66 | -10.9 6.2
0 0 500.4 62.3 0 0 31.2 | 1.69 | 2710 2530 | 0.72 0.67 | -10.8 | 14.0
0 0 0 0 499.6 109.5 | b54.7 | 2.77 | 2840 2650 | 0.70 0.65 | -10.4 | 21.9
499.9 26.3 | 499.8 63.7 0 0 45.0 | 2.34 | 2720 2540 | 0.69 0.64 | -8.7 18.5
499.8 26.2 0 0 500.7 109.2 | 67.8 | 3.38 | 2800 2610 | 0.68 0.63 | -9.6 25.3
0 0 504.3 63.8 | 499.4 110.0 | 87.1 | 4.34 | 2740 2560 | 0.67 0.62 | -10.9 | 32.2
4994 28.2 | 505.3 63.2 | 499.6 110.1 | 101.0 | 5.03 | 2750 2570 | 0.67 0.63 | -10.3 | 35.9
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