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Chapter 1

Introduction

1.1 Problem Statement

Hall thrusters are electric propulsion devices with moderate specific impulse
capabilities, and have been primarily used for orbital station-keeping on Earth satellites.
However, there is increasing interest in using these devices for deep space missions, such
as those considered by NASA. Such missions have demanding specifications on Hall
thruster throughput and lifetime, typically requiring thousands (if not tens of thousands)
of hours of operation prior to failure. The present method of qualifying such thrusters is
to perform long, expensive life tests where the device is operated to the desired point in
life. As mission requirements for Hall thrusters continue to increase, this method of
qualification will become prohibitively expensive, thus limiting the ability to use these
devices on otherwise appropriate missions.

A more tractable approach towards lifetime qualification is to develop a model
that accurately simulates the physics that ultimately lead to thruster failure. Once
validated, this model could then be used to estimate the lifetimes of numerous thrusters
and desired operating conditions, all at a fraction of the time and cost of a life test. At
present, several models are being developed for such purposes, but all require empirical
inputs to accurately predict the state of the thruster as observed in experiment. Therefore,
the physics models currently being used must be re-evaluated by validating or refining

them with experimental data.

1.2 Motivation and Scope for Research

Lifetime of Hall thrusters is currently limited by erosion of the channel wall due
to ion bombardment. Once the wall has eroded enough to expose the magnetic circuit to



the plasma, the magnetic material will begin to sputter; this is often considered a “soft”
failure point since the thruster will continue to operate, usually with minimal changes in
performance [1,2]. The exposure of the magnetic circuit to the plasma has the potential
to reduce thruster performance and eventually cause failure, but this has yet to be
observed in experiment. The mechanism of erosion due to ion bombardment is complex
and requires intimate knowledge of the physics within the thruster channel and along the
wall in order to properly simulate its conditions. Sputtering of wall material is dependent
upon ion impact energy, incident angle of impact, the properties of the wall material
itself, and the flux of ions that reach the wall. A large number of studies have contributed
to the understanding of how the plasma inside the thruster interacts with the channel wall,
but these studies have largely been limited to theory and simulation [3-9]. Thus, there is
presently a lack of experimental data detailing properties relevant to erosion. The aim of
this dissertation is to better understand the interaction between the plasma and channel
walls within a Hall thruster, and how these interactions affect thruster performance and
lifetime. This knowledge can then be used to improve present Hall thruster physics and
lifetime models.

Typical internal measurements for Hall thrusters are taken either with physical
probes mounted onto high-speed stages [10-13] or through laser-induced fluorescence
(LIF) [14]. Since the desired data pertains to wall erosion, measurements must be taken
in close proximity to the channel wall (less than one millimeter). Physical probes cannot
be injected into the thruster at this proximity due to the necessary probe housing. Laser-
induced fluorescence, while having the capability to obtain the required proximity,
cannot easily measure ion currents to the wall; furthermore, it lacks the ability to
interrogate the electron population and sheath properties at the wall, which is also critical
towards understanding the wall physics within Hall thrusters. Due to these restrictions,
flush-mounted Langmuir probes were chosen as the diagnostic to use for this study. By
imbedding the probes within the channel wall, all relevant properties may be measured
with the required proximity. However, use of such probes does not come without certain
drawbacks. Analysis of the resulting data can be complex due to the flush-mounted
nature of the probe geometry, as well as the fact that the probe material cannot mimic the

behavior of the adjacent insulating wall material. Due to the significance of these effects,



a great deal of effort was spent in characterizing them to obtain higher fidelity
measurements from flush-mounted Langmuir probes.

The research in this dissertation not only describes the experimental data taken
along the channel walls, but the implications and conclusions that can be drawn that are
relevant to present erosion and wall physics models. Recommendations are made on

improving present models after comparing simulation to experiment.

1.3  Prior Near-Wall Studies in Hall Thrusters

The use of flush-mounted Langmuir probes within Hall thrusters is not a new
concept. In particular, groups at Busek Co. Inc. and the Massachusetts Institute of
Technology (MIT) as well as the Research Institute of Applied Mechanics and
Electrodynamics of Moscow Aviation Institute (RIAME MAI) have measured internal
properties of Hall thrusters using Langmuir probes imbedded within the channel walls.
While these studies have set the precedence for the diagnostic, they have inherent
limitations not only in scope but also in interpretation of the resulting data.

The work done at Busek and MIT was primarily performed by Warner and Szabo
[15-17]. Five flush-mounted probes were placed along the outer wall of the BHT-1000
Hall thruster. This was complemented with three external probes near the exit plane of
the thruster. Plasma potential, floating potential, electron temperature, and plasma
density were acquired at moderate to high discharge voltages (300 — 900 V) using simple
Langmuir probe theory. This study laid an excellent foundation for mechanical
implementation of flush-mounted Langmuir probes in Hall thrusters. Furthermore, the
concept of leakage current was addressed, characterized, and corrected; attempts were
made to correct for magnetic field effects on the calculated electron number density; and
the transition region of the Langmuir probe traces was analyzed in more detail, leading to
preliminary discussion on the electron energy distribution function (EEDF). However,
the data were not taken as being representative of the local plasma. Instead, it was
assumed that the data represented an average along the intersecting magnetic line of force
due to the relatively large conductivity along this path. Therefore, when comparisons
were made between simulation and experiment, the data were compared to simulation

results along channel centerline. This interpretation limited the usefulness of the study in



regards to wall physics and erosion. A more in-depth comparison between simulation
and experiment within this dissertation shows that this assumption is invalid, and that the
data from flush-mounted probes are more representative of the local plasma; no plasma
properties (with the exception of electron temperature) were found to be constant along
magnetic field lines.

The work done at RIAME was performed primarily by Kim [18-21]. Six
locations inside the channels of the SPT-100 and PPS-1350 were probed along with two
external locations beyond the exit planes, at moderate to high discharge voltages (300 —
700 V). Data were only taken along the outer wall, and symmetry with the outer wall
was assumed to determine properties along the inner wall. Plasma potential, floating
potential, electron temperature, and ion current density were reported. This particular
study used the data to estimate ion and electron power losses to the walls, as well as
relate these quantities to the local erosion rate. Comparisons were made to other studies
that estimated wall power losses, as well as experimentally determined erosion profiles.
Thus, the Kim study provided an excellent basis for using data from flush-mounted
Langmuir probes in erosion calculations. However, several limitations prevented this
study from reaching full potential:

e mechanical implementation of the probes and analysis of the resulting data was
scarcely documented, leading to questionable final results;

e assumptions were made about the inner wall in order to gain values for the whole
channel,

e the sheath physics and properties were not analyzed in any detail, leading to the
assumption that the potential of the channel wall was the floating potential
measured by the probe; and

e direct proportionality was assumed between power to the wall and erosion rate,
neglecting the importance of impact angle and non-linear sputtering yield
dependence on ion energy.

These limitations motivated a deeper study that would further the use of flush-mounted
probes specifically towards better understanding of near-wall physics and Hall thruster

erosion.



1.4

Contributions of Research

The contents of this dissertation contain several contributions towards

implementing flush-mounted Langmuir probes and understanding near-wall physics and

erosion within Hall thrusters, many of which address the issues of previous studies

mentioned in Section 1.3. These contributions include:

1.

Development of analysis methods specific towards flush-mounted Langmuir
probes. This mainly includes a new model for sheath expansion in the ion
saturation regime, but also includes recommendations for determining plasma
potential and ion flow angles in the presence of an ion beam.

Expanded data set along the channel walls, compared to prior
measurements. This includes taking measurements at low (< 200 V), moderate
(200 - 400 V), and high (> 400 V) discharge voltage, at a wide range of discharge
powers up to 6 kW, and simultaneous data collection at both inner and outer
channel walls.

Characterization of the near-wall plasma in comparison to the plasma in the
rest of the channel. Comparison to other internal data shows that the near-wall
plasma accelerates further upstream compared to the rest of the plasma, with
number densities anywhere from 2-10 times smaller than those found at channel
centerline.

Evidence of electron thermalization processes within the channel. Measured
sheath potentials were found to be on the order of five times the electron
temperature, indicating the presence of a high-energy electron population. With
no thermalization process to replenish this population, it would quickly be lost to
the walls. This strongly influences the actual sheath potentials within the thruster;
thermalization of secondary electrons emitted from the channel walls regulates the
sheath potential, which in turn affects the power deposited to the walls as well as
local wall erosion rates.

Measurement of electron energy distribution functions along the channel
walls.  Measured distribution functions show a near-Maxwellian structure
upstream of the acceleration zone, that transitions into a strongly drifting

Maxwellian distribution within the acceleration zone. The corresponding electron



temperatures to these drifting Maxwellian distributions are much lower than those
measured using simple probe analysis techniques.

6. Characterization of the ion power losses to the channel walls as a function of
operating condition. While power losses were found to be largely proportional
to discharge power, elevated values were measured at discharge voltages of 150
and 500 V. This trend was caused by large sheath energies and high divergence at
low voltage, and large beam energies and additional exposure of the wall to
plasma at high voltage.

7. Derivation of an energy-dependent sputtering model that reproduces
observed erosion rates. Data from the flush-mounted Langmuir probes were
used to infer the necessary sputtering yield to produce the observed amount of
erosion within a 6-kW Hall thruster. The resulting sputtering yield resembled the
model proposed by Bohdansky [22], with an energy threshold for sputtering of at
least 25 eV.

1.5 Dissertation Overview

This dissertation is organized into four major sections: an introduction and
background section (Chapters 2-3); a data analysis section (Chapter 4); an experimental
and computational results section (Chapters 5-6); and a results application and discussion
section (Chapters 7-8).

Chapters 2 and 3 give the necessary background information to understand and
appreciate the rest of the dissertation. Chapter 2 focuses on the fundamentals of rocket
propulsion, electric propulsion, and Hall thruster anatomy and operation. Chapter 3
provides a description of all experimental apparatus used to obtain the results presented
in the dissertation.

Chapter 4 covers the studies on developing methods of data analysis for flush-
mounted Langmuir probes. Results are presented and then recommendations are made
based on conclusions from the studies. Final analysis techniques are summarized.

Chapters 5 and 6 detail the major results from both experimental and
computational studies. Chapter 5 covers the data taken using the flush-mounted

Langmuir probes within the Hall thruster channel, including all relevant plasma



parameters and their comparison to additional internal data. Chapter 6 describes the
baseline simulations run in the hybrid-PIC (particle-in-cell) code HPHall-2 for
comparison to the experimental data.

Chapters 7 and 8 discuss the application of the resulting data set towards energy
and erosion considerations within the thruster. Chapter 7 details how incident ion power
to the channel walls is calculated, how the resulting ion currents and energies are
distributed within the channel, how they vary with operating condition, and the
implications of the resulting energy loss to the walls. Chapter 8 covers the prediction of
erosion rates using the data set and a detailed sputtering model, as well as comparison to
expected erosion rates and the resulting implications.

Chapter 9 is the conclusions section. Major findings are summarized, and

recommendations are made for future work in this research area.



Chapter 2

Background

This chapter contains a brief summary of the fundamentals of rocket propulsion,
electric propulsion and Hall thrusters. While this information is necessary to understand
the context of the remainder of the dissertation, it is by no means a thorough review of
the broad subject matter. For more details about electric propulsion, as well as Hall

thruster operation, design, and analysis refer to Refs. [23-25].

2.1 Rocket Propulsion Fundamentals

Unlike air-breathing gas turbine engines, rocket propulsion devices carry both the
necessary fuel and oxidizer (chemical) or propellant (electric), making them ideal for
space applications where there is no readily available supply of oxidizer. Energy is
imparted to the working fluid to create a high-velocity exhaust out the rocket exit that
produces thrust in the opposite direction. Key parameters of any rocket propulsion
system are the thrust, specific impulse, and efficiency.

The thrust is the rate of momentum transfer imparted by the rocket onto the
object. Due to Newton’s third law, this is equivalent to the rate of momentum transferred
to the working fluid being ejected out the exit. Since negligible momentum enters the

inlet, the thrust is then the rate of fluid momentum exiting the rocket:

T =mu, . (2-1)
Therefore, the thrust is directly proportional to the mass flow rate, m, and velocity of the
fluid, ue, exiting the rocket.
The specific impulse is a measure of how effectively a rocket uses the working
fluid mass to produce thrust. In the most general sense, it is the total time-integrated
thrust of a rocket per unit propellant weight expelled:



fra
l, =c0—. (2-2)
[mg, dt
If the thrust and mass flow rate are consta:nt over the firing duration, which under most
circumstances is a reasonable approximation, then the specific impulse is simplified to:
I, = g—o (2-3)
Thus the specific impulse to first order is directly related to the exhaust velocity
of the working fluid. This is intuitively consistent: if the exhaust velocity is higher, then
the rocket can produce the same amount of thrust using less mass flow, and is thus more
mass-efficient. When considering the fact that rockets have to carry the necessary
propellant mass, the specific impulse becomes a very important factor in mission design;
if the rocket is not mass-efficient, it will have to carry much more propellant to impart the
necessary impulse or “AV” to the spacecraft. This is characterized by the Tsiolkovsky
rocket equation,
M -av

M, -4

0

where M is the final (dry) spacecraft mass and M, is the initial (wet) spacecraft mass. It
is clear that a high specific impulse is desirable to maximize the final mass of the
spacecraft.

The efficiency of a rocket is a measure of how well it converts the input power
into thrust. It is defined as the “jet power” divided by the total input power of the device:

. 2
mu
:L_ 2.5
n P (2-5)

This equation is more applicable towards electric propulsion devices, as the input power
is not readily defined for chemical rockets. The efficiency will be analyzed in more
detail in Section 2.2.2.

2.2  Electric Propulsion Systems

In Section 2.1, the importance of high specific impulse was highlighted in terms
of propellant mass savings. Traditional chemical rockets are limited in the amount of



energy they can impart to the working fluid, since this energy comes from broken
chemical bonds. Thus, while these rockets have enormous mass flow rates and can
achieve thrust levels on the order of millions of newtons, their specific impulses are
limited to only a few hundred seconds. Electric propulsion systems, on the other hand,
impart energy using combinations of electric and magnetic fields, and are thus only
limited by the available energy from a power supply. The variety of electric propulsion
systems can be broken up into three main categories: electrothermal, electrostatic, and
electromagnetic thrusters. A thorough treatment of this broad subject is not given here;
further detail can be found in Refs. [23,25]. Instead, brief descriptions of two major
electric propulsion systems, the gridded ion thruster and Hall thruster, are provided

below.

2.2.1 Gridded lon Thrusters

A common electrostatic propulsion system is the gridded ion thruster. These
devices have significant heritage and have been used on multiple spacecraft including
Deep Space 1 and Dawn. In development since the 1960s, these thrusters are a mature,
well-understood technology.

A typical ion thruster consists of five major parts: the discharge chamber;
discharge cathode; neutralizer cathode; floating screen grid; and accelerating grid (see
Figure 2-1). The discharge chamber, which also serves as the anode for the discharge,
attracts electrons that are injected into the chamber by the discharge cathode. A ring-
cusp magnetic field inhibits the motion of the electrons and traps them within the
chamber. This increases the electron residence time in the chamber and facilitates
ionization of neutral gas by electron bombardment. The ions in the chamber then migrate
towards the screen grid and are subsequently driven out of the chamber by the
accelerating grid, creating thrust. The positively-charged beam is then neutralized by

electrons emitted by the neutralizer cathode external to the discharge chamber.
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Figure 2-1. Schematic of a typical gridded ion thruster, with major components labeled. Not to scale.

Since the velocity of the exiting ions is dictated by the accelerating voltage,
specific impulses well over 3,000 seconds are routinely achieved, making the gridded ion
thruster much more mass-efficient that a traditional chemical rocket. However, despite
its significant heritage, this thruster remains a complex and expensive device. Required
electric fields necessitate a grid gap on the order of a millimeter, making the grids prone
to shorting during thermal expansion. Also, while the grids tend to degrade due to ion
bombardment, the primary life-limiting mechanism in these devices is cathode erosion.
Furthermore, the beam current is not neutralized during the acceleration process; this
limits the maximum current drawn out by the device before the fields created by the ions
themselves cancel out the accelerating field (known as space-charge-limited current).
Thus, the thrust densities of ion thrusters are typically much lower than that of other
electric propulsion devices such as Hall thrusters. Despite these limitations, gridded ion

thrusters remain a reliable, long-lasting, mass-efficient propulsion device.

2.2.2 Hall-effect Thrusters

Another common electric propulsion device, and the subject of this dissertation, is
the Hall thruster. While initially conceived in the Unites States, significant development
of this device occurred in the Soviet Union in the 1960s, 1970s, and 1980s. After the end
of the Cold War, in the early 1990s, the technology was brought back to the western
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world and research continued on its design and operation. Since then, significant
advances have been made on understanding the underlying physics and design of these
devices. The following section serves as a brief introduction to the anatomy, physics, and
operation of Hall thrusters.

2.2.2.1 Hall Thruster Fundamentals

A typical Hall thruster is composed of four major components: an anode; a
cathode; a discharge channel; and a magnetic circuit (see Figure 2-2). Neutral gas,
typically xenon due to its large atomic mass and low ionization potential, is injected
through the anode, which also serves as the gas distributor. Electrons are emitted from
the cathode and are attracted to the positively-biased anode. However, their motion is
inhibited by the externally-applied magnetic field. As a result, a strong electric field is
generated in this zone to maintain the discharge current and compensate for the increased
resistance. The primarily axial electric field and radial magnetic field cause the electrons
to drift in the azimuthal direction, giving rise to the Hall current for which the thruster is
named. This facilitates the ionization of the neutral gas, creating ions that are
subsequently accelerated by the electric field. The magnetic field is of sufficient strength
to magnetize the electrons, but has little effect on the ions due to their large mass. The
cathode also supplies the necessary electrons to neutralize the ion beam exiting the
thruster. The configuration allows for the entire discharge to remain quasi-neutral, thus
avoiding any space-charge limitations on the current and thrust densities.

The externally-applied magnetic field is of particular importance to the
performance of the thruster, as it dictates the electron motion and resulting electric field
responsible for thrust generation. A magnetic field topology typical of modern Hall
thrusters in the United States is shown in Figure 2-3. As previously mentioned, the
magnetic field is primarily oriented in the radial direction, especially near the exit plane
of the thruster. Furthermore, the curvature of the magnetic field lines within the channel
is known as a plasma lens. This is due to the high conductivity of the electrons along the
magnetic field lines compared to across the lines. Thus, the magnetic field lines are, to
first order, equipotential lines; the electric field generated “focuses” the ions away from

the walls and towards the channel centerline [26].
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Figure 2-3. Magnetic field topology of the NASA-173Mvl. The curvature inside the discharge
channel is referred to as a plasma lens. Image taken from Ref [24].

The channel wall is also an important component of the thruster, and is of
particular significance to this dissertation. The wall’s primary purpose is to protect the
magnetic circuit from the harsh environment of the plasma discharge. However, the
properties of the wall can have a large effect on the properties of the discharge;
interactions between the wall and the plasma can affect energy losses within the
discharge including the electron population responsible for ionization. Furthermore,
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these interactions dictate how ions approach the surface, how the wall erodes away, and
ultimately how long the thruster will operate prior to failure.

The efficiency of the thruster is defined by Eq. (2-5). Typically this general
definition is simplified by neglecting all input power but the discharge power (power to
energize magnets is typically 1-2% of the discharge power), as well as the cathode mass
flow rate (typically 5-10% of the anode mass flow rate). This results in the often reported
“anode efficiency”:

1 2 2
p -2 :u - Z;apd . (2-6)
This gives an overall estimate of the efficiency of the thruster, and can be easily

calculated by measuring the thrust at a given operating condition. However, it is
advantageous to decompose the anode efficiency into several simpler, more specific
efficiencies. A typical model is given in Ref. [27]. This model equates the anode
efficiency to the product of five other efficiencies: the mass utilization efficiency, #n; the
current utilization efficiency, #p; the voltage utilization efficiency, #,; the charge
utilization efficiency, nq; and the divergence efficiency, nq. The mass utilization
efficiency is given by

_ Idee Ib Qi
'“_mehZL’ (2-7)

where 14 is the discharge current (equal to the sum of ion and electron currents), mye is
the mass of a xenon atom, e is the elementary charge, Iy is the ion beam current, Q; is the
current fraction of ion species i and Z; is the charge state of ion species i. The mass
utilization efficiency is a measure of how effectively the thruster converts the initial
anode mass flow into a directed, thrust-producing ion flow. The current utilization
efficiency is given by

I
= (2-8)
Id

It is a measure of how much of the discharge current is carried by thrust-producing ions.

The voltage utilization efficiency is given by

n,=or=1-ok (2-9)
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where V, is the effective acceleration voltage of ions, Vg is the discharge voltage, and V,
is the loss voltage. Thus the voltage utilization efficiency is a measure of how effectively

the discharge voltage is used to accelerate ions. The charge utilization efficiency is

%) o1
- X%

and is a measure of the energy loss associated with creating multiply-charged ions within

defined as

the discharge. Finally, the divergence efficiency is given by

n, =(cos6,)’, (2-11)
where 64 is the plume divergence half-angle. The divergence efficiency is a measure of
the loss of thrust due to ion momentum directed in the radial direction rather than the
axial direction. These efficiencies will become important when correlating plume
properties with discharge channel properties later in the dissertation.

The above description of anatomy, physics and efficiency are all applicable
towards Hall thrusters in general. This section will be wrapped up with a brief
description of the two main types of Hall thrusters: anode layer thrusters (TAL) and

stationary plasma thrusters (SPT).

2.2.2.2 Anode Layer Hall Thruster

The thruster with anode layer, or TAL, is a Hall thruster whose primary
characteristics are a conducting channel wall and a channel length that is short compared
to the channel width. The channel wall is typically biased to cathode potential to repel
electrons and reduce associated energy losses. This leads to larger electron temperatures
within the channel, as the electron energy is not regulated by channel wall losses. As a
result, the ionization and acceleration zones occur within a thin layer close to the anode,
giving the thruster its name.

The secondary electron emission associated with metallic materials is relatively
low compared to ceramic materials. Therefore, significant trade between high-energy
primary electrons and low-energy secondary electrons at the wall does not occur in this

thruster, further leading to high electron temperatures within the discharge. Large sheath
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potentials at the walls form due to the potential bias, low secondary electron emission,
and large electron temperatures. These sheath potentials can provide significant energy
to incoming ions at the wall, making erosion due to ion bombardment a primary concern.
However, the primary energy loss mechanism in these devices is at the anode, due to its

close proximity to the high-temperature plasma region.

2.2.2.3 Stationary Plasma Hall Thruster

The second type of Hall thruster is the stationary plasma thruster, or SPT. In
contrast with the TAL, the SPT has floating ceramic channel walls and a channel length
that is long compared to the channel width. Since the channel wall is no longer biased to
the cathode potential, energy losses at the wall regulate the electron temperature within
these devices, leading to extended ionization and acceleration regions. Consequently,
anode power losses are less significant when compared to the TAL since the high-
temperature plasma is far downstream of the anode.

Secondary electron emission from the ceramic wall in SPTs is much more prolific
and has significant impact on the thruster physics. The exchange of high-energy primary
electrons with low-energy secondary electrons affects the electron energy distribution
within the discharge, effectively lowering the average electron temperature.
Furthermore, the electron emission at the wall strongly affects the resulting wall sheath
potentials, which not only regulate the electron energy dynamics but also the energy and
angle at which ions approach the wall. All these factors not only affect the performance
but also the lifetime of the thruster, since erosion of the channel wall by ion
bombardment is a primary concern in SPTs as well.

The subject of this dissertation does not concern TALSs, and therefore all mention
of Hall thrusters from this point will refer to the SPT. The test article for the study is a 6-
kW laboratory model SPT; further details of this thruster can be found in Section 3.2.

2.3 Summary

This chapter described the fundamentals of rocket propulsion, explained the
benefits of electron propulsion over traditional chemical propulsion, and introduced the

basic anatomy and operation of two major electric propulsion systems, the gridded ion
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thruster and Hall thruster. These systems are capable of specific impulses over an order
of magnitude higher than chemical systems, allowing them to minimize the required mass
of propellant for a given mission.

The plasma-wall interactions within Hall thrusters were identified as a significant
factor in thruster performance and efficiency. Various interactions can strongly affect
energy losses within the discharge, alter the electron dynamics within the channel, and
limit lifetime through erosion. The specifics of these interactions can be highly complex,
and are the subject of this dissertation.

17



Chapter 3

Experimental Apparatus

This chapter describes all experimental apparatus used to obtain the results
presented in the remainder of the dissertation. The section begins with a description of
all major pieces of hardware, including the vacuum chamber and Hall thruster, and then
continues with the mechanical and electrical setup for each probe used in the study.
Analysis methods for each diagnostic are also summarized, with the exception of the
flush-mounted Langmuir probe; details of the analysis techniques used for this diagnostic

are covered in Chapter 4.

3.1 Vacuum Facility

All experimental studies were carried out within the Large Vacuum Test Facility
(LVTF) at the Plasmadynamics and Electric Propulsion Laboratory (PEPL). The LVTF
is a 6-m-diameter by 9-m-long stainless-steel-clad cylindrical vacuum chamber, equipped
with seven CVI model TM-1200 cryopumps as well as liquid-nitrogen-cooled shrouds
capable of providing a pumping speed of 245,000 I/s on xenon. Chamber pressure was
monitored using two commercially available hot-cathode ionization gauges, one
internally-mounted (nude) and one externally-mounted. Reported pressures are obtained
by averaging the two gauge readings, which has given chamber pressures consistent with
pumping capabilities. Base pressures of 7 x 107 torr were routinely achieved, and at a
total mass flow rate of 21.4 mg/s, the facility pressure was 1.5 x 10” torr, corrected for
xenon.

The chamber also contains two large linear stages for movement in the axial and
radial directions of the thruster. These stages have stepper motors that are actuated with a
commercially available motor controller, and are controlled remotely using either

National Instruments Measurement and Automation Explorer or Labview. The *“axial”
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stage has a range capability of 0.9 m while the “radial” stage has a range capability of 1.5

m. Both stages are capable of placement accuracies better than 0.1mm.

Figure 3-1. Photograph of the LVTF with the endcap removed. All seven cryopump shrouds are
visible and numbered. Taken by Robert Lobbia.

3.2 Hall Thruster

The test article used in this work is a 6-kW laboratory model Hall thruster with an
approximate throttling range of 100-600 mN thrust, 12000-3000 s specific impulse, and 1-
10 kW discharge power. This thruster has been well documented and has undergone
extensive performance and probe testing [13,14,28-34]. The magnetic circuit is
comprised of a single inner coil, eight outer coils, and an inner trim coil. Magnetic field
settings at each operating condition were chosen to maximize anode efficiency, given a
symmetric vacuum magnetic field about channel centerline. The trim coil was not
energized during any of the studies presented here.

Research-grade xenon propellant (99.999% pure) was supplied using
commercially available controllers with an accuracy of +1% full scale. These controllers
were calibrated prior to the experiment using a constant volume method that corrected for

compressibility effects. The flow rate through the thruster’s center-mounted LaBg
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cathode [31] was maintained at 7% of the anode mass flow rate for all operating

conditions presented.

Figure 3-2. Photograph of the 6-kW laboratory Hall thruster, operating on xenon at 300 V and 20
mg/s anode flow rate. Taken from Ref. [13].

The discharge was sustained with a 100-kW power supply capable of outputting
1000 V (with a 400 mV s ripple) and 100 A. Separate supplies were used to power the
magnets, as well as the cathode keeper and heater. The power supplies for the heater and
keeper were only used for initial thruster startup, and were turned off during steady-state
operation and all subsequent data collection.

The discharge circuit included a single 95-uF capacitor in parallel with the anode
and cathode to filter out high-frequency oscillations. Discharge voltage was monitored
across the capacitor using a high-precision digital multimeter. The time-averaged
discharge current was measured across a 10-mQ current shunt placed in series with the
circuit on the cathode (low potential) side. Measured discharge currents did not exceed
40 A, which is within the 50-A rating of the current shunt. The time-dependent discharge
current was measured across a magneto-resistive current sensor (F.W. Bell NT-50)
placed in line with the 10-mQ current shunt. The 100-kHz bandwidth of this sensor is
sufficient to resolve the typical “breathing mode” oscillations found within Hall thrusters,
occurring at frequencies on the order of 10 kHz.

The discharge channel is segmented, and includes replaceable “erosion rings” at

the end of the channel to facilitate lifetime studies. For the study using internal wall-
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mounted probes, a new set of erosion rings were fabricated in order to avoid unnecessary
alterations to the original rings. The new rings were machined with a linear chamfer to
mimic the erosion pattern present after approximately 334 hours of operation at an
average discharge power of 4.6 kW. This was done to match geometries with the original
rings such that prior internal measurements could be compared to the present study [13].
Previous studies have shown that pre-machined erosion geometries can give consistent
thruster performance to within approximately 2% of the performance at the target point in
life [35]. The erosion profile was measured using a MicroVal coordinate measuring
system with a ruby ball point probe. Due to the low number of operation hours, a linear
chamfer provided an excellent approximation to the erosion profile, with differences not
exceeding 250 um (see Figure 3-3). Prior to the study, the thruster was operated with
these rings at the nominal operating condition of 300 V and 20 mg/s anode flow rate until
the discharge current and oscillations settled to values that were observed with the

original rings, which occurred after approximately two hours.
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Figure 3-3. Comparison of measured profiles on the original erosion rings with the linear chamfer
machined into the new rings (top: inner channel ring; bottom: outer channel ring).
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3.3 Thrust Stand

A thrust stand was used to determine the proper magnetic field strength that
optimizes the thruster anode efficiency, given by Eq. (2-6). The thrust stand that was
used is a NASA Glenn Research Center (GRC) inverted-pendulum design [36,37]. To
minimize changes in measured thrust due to thermal expansion of the thrust stand, the
shroud, coils, and thruster mount were cooled using a closed-loop refrigeration system

(see Figure 3-4).

Figure 3-4. Photograph of the inverted-pendulum thrust stand with water-cooled shroud.

As thrust is produced, the inverted pendulum deflects and this displacement is
converted into a voltage signal with a linear voltage displacement transducer (LVDT).
The thrust stand electronics take this voltage signal and output the necessary current to
the null coil to provide the restoring force required to return the pendulum to its rest
position. This technique requires a feedback loop that is controlled using a proportional
integral differential (PID) circuit. The final required current to the null coil is
proportional to the thrust produced, and was monitored using a high-precision digital
multimeter and mechanical “strip chart” plotter.

The thrust stand was calibrated using a series of weights approximately 28.8 g in
mass that provided incremental increases in applied force through a low-friction wheel
that converted the weights of the masses into a horizontal force on the thrust stand.
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Calibrations were first performed in a forward manner by adding each mass successively,
followed by a reverse manner where they were removed successively. These calibrations
were found to be highly linear and repeatable.

The largest source of uncertainty was found to be the drift of the “zero” thrust
value due to the thermal expansion/contraction of the thrust stand. This was
characterized by occasionally turning off the thruster (typically while switching operating
conditions, once every hour) and noting the new zero with time. The thrust stand
inclination, whose drift can also affect thrust stand measurements, was continually
monitored and kept constant while data were being collected. Uncertainties in thrust
measurements are estimated to be £ 2 mN. Additional details on the thrust stand

operation and design can be found in Ref. [13].

34 HARP

Internal and near-field measurements typically require rapid injection and
removal of probes to increase survivability in the harsh plasma environment. This is
accomplished with the High-speed Axial Reciprocating Probe, or HARP. The HARP has
been used extensively at PEPL for internal studies [10,11,13], and is capable of
accelerations around 70 m/s* and velocities up to 2.5 m/s [38]. For this study, the
maximum velocity was fixed at approximately 1.8 m/s to minimize the residence time
within the plume and increase probe survivability. Dwell times between injection and
retraction were held to within 60 ms.

The use of the HARP in this work is limited to near-field current density
measurements. Thus, the HARP was oriented such that the direction of motion was
normal to the thruster firing axis, while the thruster was placed on the axial stage of
LVTF. This configuration allowed radial sweeps to be taken at several axial locations.
The HARP was placed on top of a rigid “A-frame” support structure that connected the
HARP to the vacuum chamber wall and floor with several steel extrusions. This

prevented the HARP from significantly shifting due to the forceful probe reciprocation.
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A-frame

Figure 3-5. Photograph of the HARP on top of the A-frame within LVTF.

3.5 Helmholtz Caoil

In order to facilitate studies of magnetic field effects on flush-mounted Langmuir
probe data, a Helmholtz coil was designed and fabricated to produce a uniform, well-
characterized magnetic field. A coupon probe, described in Section 3.6.1, was placed
within the test section of the Helmholtz coil and subjected to various magnetic field
magnitudes and orientations. The coil was designed using the simulation program
MagNet; each coil consisted of 200 turns of 13-AWG magnet wire wrapped around
aluminum spools. In order for plasma to adequately reach the test section, each spool
was made hollow with an inner diameter of approximately 5 cm. The coils were held in
place using commercially available aluminum extrusions, and had a separation distance
of 18.5 mm (see Figure 3-6). A 350-W power supply was used to energize the coils,

while a digital multimeter placed in series was used to monitor the supplied current.
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Figure 3-6. Left: Side-view of the Helmholtz coil and support structure. Test section is in the center
of the two coils. Right: Measured magnetic field contours of the test section with 5 A coil current.

A 3-axis gaussmeter was used to map the magnetic field along the center plane at
several current levels. The ambient magnetic field map was measured and later
subtracted out of subsequent data sets. Figure 3-6 shows the test section of the Helmholtz
coil as well as the magnetic field map at 5 A of supplied current. A calibration curve was
generated for the magnetic field strength at the center of the test section and used to
determine the required current for each data point tested. The magnetic field generated
was approximately 26 gauss (G) per ampere (A) at the test section center. Magnetic field
strengths in excess of 200 G were achieved before the coils began to overheat, which was
deemed sufficient for the study.

The coil was placed 3 m downstream of the 6-kW Hall thruster, at an angle of 14°
from thruster centerline. The entire assembly was rotated such that the Helmholtz coil
axis was aligned with the ion flow, based on a point-source approximation emanating
from the thruster center (see Figure 3-7). While this restricted independent control over
magnetic field and ion flow orientation, it allowed for constant exposure of the Helmholtz
coil test section to plasma. Furthermore, by aligning the ion flow and magnetic field,
resistance of the flow through the coil was minimized; had the flow been forced to cross
magnetic field lines, strong electric fields may have been created that would lead to

undesirable, uncontrolled conditions within the test section.
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Figure 3-7. Schematic showing the position and orientation of the Helmholtz coil relative to the 6-kW
Hall thruster. Not to scale.

3.6  Flush-mounted Langmuir Probe

This section describes the mechanical and electrical setup of the various flush-
mounted Langmuir probes used in this work. Three types of probes are included: the
coupon probe, which was used for studies on magnetic field effects; the external tab
probe, which was used for studies on analysis techniques of flush probes; and the internal
wall-mounted probe, which was used for measurement of erosion-relevant properties

within the Hall thruster channel.

3.6.1 Coupon Probe

The coupon probe is a flush-mounted Langmuir probe used with the Helmholtz
coil for studies of magnetic field effects on measured plasma properties. It was
comprised of a tungsten wire 0.5 mm in diameter flush-mounted in the center of a 2.54-
cm-diameter boron nitride disc. The probe was insulated and held in place with high-
temperature ceramabond (Omega CC HIGH TEMP). The disc was mounted onto an
alumina post and mated to a rotational stage with a stainless steel collar (see Figure 3-8).
This entire assembly was integrated with the Helmholtz coil such that the probe was in
the center of the test section. The probe was mounted such that the position of the face
coincided with the axis of rotation. This ensured the probe moved minimally while

testing different magnetic field orientations.
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Figure 3-8. Schematic of the coupon probe assembly. Rotation of the probe allows for magnetic field
orientation changes.

The probe was operated with a Keithley 2410 sourcemeter that sourced the
desired voltage and measured the collected current. Data were collected and stored
automatically using Labview. Figure 3-9 shows a representative Langmuir probe trace
taken with the coupon probe, illustrating the absence of large current oscillations. Thus,
due to the quiescent nature of the plasma in the far-field plume, only one Langmuir probe
trace was necessary at each magnetic field configuration tested.
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Figure 3-9. Representative Langmuir probe I-V characteristic taken with the coupon probe.
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3.6.2 External Tab Probe
In order to obtain a data set representative of the internal Hall thruster

environment, an external tab probe was designed and implemented to facilitate studies on
analysis techniques for flush-mounted Langmuir probes. The final design is comprised
of a 0.381-mm-diameter tungsten wire placed inside a 1.6-mm-diameter alumina tube.
This assembly was then inserted into a semi-circular boron nitride (HP grade, from Saint-
Gobain) tab such that the tungsten wire was flush with the tab surface (see Figure 3-10).
The probe was held in place with a high-temperature ceramabond (Omega CC HIGH
TEMP).

/ Probe BN tab
) 1.6 mm @
/ - / Alumina tube
----------- 0.381 mm @
6.4 mm | FrsoooczooissoooooooooiIIoooiiiooiiiooiiiooiiics
— E
—’| ¢ 16mm

Figure 3-10. Schematic of external tab probe design. Not to scale.

The probe was mounted onto the 6-kW Hall thruster using a stainless steel block
and clamp, such that the flat portion of the tab lay adjacent to the thruster exit plane (see
Figure 3-11). The final position of the probe was approximately 1.6 mm from the
thruster exit plane and 1 mm radially recessed from the outer channel wall. This position
was found to be representative of the magnetic field conditions expected internally near

the exit plane of the thruster.

Tab/probe  Bjock/clamp Tablprobe  Blockiclamp

Figure 3-11. Schematic of the external tab probe placement relative to the 6-kW Hall thruster. Not
to scale.
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Probe current and voltage were collected and stored using a data acquisition
system (DAQ) capable of a 500-kHz scan rate across all channels. Figure 3-12 shows a
schematic of the measurement circuit used for the Langmuir probe. A function generator
was connected to a bipolar power supply that supplied the desired voltage waveform to
the probe. The current shunt was comprised of a single 100-Q thin-film resistor, while
the voltage divider used to measure the applied voltage was comprised of 8.18-MQ and
0.24-MQ thin-film resistors. The signals were isolated from the DAQ with voltage-
following isolation amplifiers, each having a bandwidth of 20 kHz. Blocking diodes
were placed in parallel with the current shunt in order to protect the isolation amplifier

from large current spikes.
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Figure 3-12. Electrical diagram of the data collection circuit used with the external tab probe.

The circuit was calibrated at DC prior to the study, and displayed excellent
linearity. The probe was biased using a symmetric triangle wave with a frequency of 20-
30 Hz, which is well within the bandwidth of the isolation amplifiers. Each channel was
scanned at 40-50 kHz, resulting in approximately 1000 points per I-V characteristic.
Capacitive effects were characterized by taking data with no plasma present, and were
subtracted out in post processing. Two hundred traces were taken at each operating
condition and averaged before any data analysis was performed. Figure 3-13 shows a
representative Langmuir probe trace taken with the external tab probe, illustrating the low

level of current oscillations in the trace after averaging is performed.
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Figure 3-13. Representative Langmuir probe |-V characteristic taken with the external tab probe at
300 V and 20 mg/s anode flow rate.

3.6.3 Internal Wall-mounted Probe

The internal wall-mounted probe is the primary diagnostic of this work, and was
used to measure various properties of the plasma near the channel walls of the 6-kW Hall
thruster. The final design consisted of five Langmuir probes flush-mounted into each
erosion ring (see Figure 3-14). Pure tungsten wire (from Scientific Instrument Services,
Inc.) approximately 0.36 + 0.025 mm in diameter was used for the probe tips. These tips
were sanded down to flatten the surface and then inserted into holes within the ring until
flush. High-temperature ceramabond (Aremco 813-A) was used to hold the probes in
place as well as provide insulation for the first few millimeters of the lead wires. The
alumina-based ceramabond was chosen based on its excellent ability to bond boron
nitride to tungsten, as well as its maximum rated temperature of over 1900 K. The
remaining lead wires were insulated with high-strength fiberglass cloth tape until they
were sufficiently beyond the thruster body to avoid large heat loads. The lead wires for
the probes on the inner wall were routed to the back of the thruster through the central
opening within the inner core used to place the cathode. Ceramic beads were used as
extra insulation for portions of the wire in close proximity to the cathode keeper. During
operation, there were no noticeable changes to cathode behavior, and insulation of the

probe wires was maintained throughout the study.
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Figure 3-14. Photograph of the internal wall-mounted Langmuir probes installed into each erosion
ring on the 6-kW Hall thruster.

Figure 3-15 shows the axial locations of each probe with respect to the thruster
exit plane. Since the study was focused on properties relevant to wall erosion, most of
the probes were placed close to the exit plane along the chamfer. The probes were
spaced azimuthally nine degrees apart to avoid probe-to-probe interactions [15] and
facilitate ease of installation (see Figure 3-16). Furthermore, the inner and outer erosion
rings were offset azimuthally in order to avoid possible probe-to-probe interactions along
magnetic field lines. A sixth probe was placed in each ring to serve as a null probe to
characterize capacitive effects [39]. This probe was inserted into a blind hole in order to

ensure complete isolation from the channel.
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Thruster Centerline

Figure 3-15. Schematic showing the locations of each probe relative to the thruster exit plane.
Distances are given in units of channel lengths. Not to scale.

Figure 3-16. Photograph depicting the azimuthal spacing of the wall-mounted probes on the outer
erosion ring. The null probe has no exposed area and is only used to characterize capacitive effects.

Since direct comparisons between inner and outer wall probes were desired, a
measurement circuit was fabricated that allowed both probes to be run simultaneously.
Figure 3-17 shows a schematic of the circuit used to monitor probe voltage and current.
Due to the presence of the null probes, four probes needed to be used at once. The
current for each probe was measured using a 100-Q, 500-mW thin-film resistor, while the
voltage was monitored using a voltage divider comprised of 10-MQ and 0.24-MQ thin-
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film resistors. Each signal was isolated from the data acquisition system (DAQ) using
voltage-following isolation amplifiers with a bandwidth of 20 kHz. Blocking diodes
were used in parallel with the current shunts in order to protect the isolation amplifiers
from large current spikes.
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Figure 3-17. Electrical diagram of the measurement circuit used with the internal wall-mounted
probes. Measurements were taken at the inner and outer wall simultaneously at each axial location.

The circuit was calibrated at DC prior to and following the study and displayed
excellent linearity and repeatability. The probes were operated with a bipolar power
supply connected to a function generator. Voltage on the probes was applied using a
symmetric triangle wave at a frequency of 20 Hz, which is well within the bandwidth of
the isolation amplifiers. Data were collected and stored using an 8-channel DAQ capable
of scanning at 2 MHz across each channel. For this study, the scan rate was maintained at
40 kHz per channel, resulting in approximately 1000 data points per I-V characteristic.
Two hundred characteristics were taken per probe, per operating condition, and averaged
before any analysis was performed. Figure 3-18 shows representative Langmuir probe
traces from both inner and outer internal wall-mounted probes, indicating the low level of

current oscillations after averaging is performed.
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Figure 3-18. Representative Langmuir probe I-V characteristics taken with the internal wall-
mounted probes at 300 V and 20 mg/s anode flow rate, at z = -0.071 channel lengths from the exit
plane.

3.7 Emissive Probe

As part of the study on analysis techniques for flush-mounted probes, an emissive
probe was used as a comparative diagnostic that provides a highly accurate measurement
of the local plasma potential. While two types of emissive probes are presented here, the

floating emissive probe is only briefly discussed as it is not used in this work.

3.7.1 Floating Emissive Probe

The floating emissive probe [40] is the predominant diagnostic used to measure
the local plasma potential internally and in the near-field plume of Hall thrusters, and has
been used extensively at PEPL with the HARP [10,11,13]. It is a more attractive option
than Langmuir probes for measuring plasma potential because it is largely insensitive to
the presence of flowing plasma, magnetic fields, and large-amplitude oscillations [41], all
of which are present within a Hall thruster. The floating emissive probe also does not
require any sweeping of applied voltage, which facilitates rapid measurements to be
taken.

Typical floating emissive probes consist of a thin filament that is heated up,
usually with applied current, to the point it emits electrons thermionically. As the
filament temperature and resulting emission increases, the floating potential of the probe

also increases; thermionic emission acts as additional positive current to the probe, thus
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reducing the sheath potential (difference between plasma and floating potentials) required
for the probe to draw a net zero current. If the emission is strong enough, the floating
potential will approach the local plasma potential. However, the thermionic emission
required for this to occur in Hall thruster plasmas is quite large, and results in significant
space charge effects.

The presence of space-charge effects complicates the use of floating emissive
probes and interpretation of the resulting data. Sheath models can be used to calculate
the plasma potential from the experimental data, but they usually require the local
electron temperature [42]. Thus, a Langmuir probe must be used as well in order to
correct for space charge effects. Furthermore, the use of such sheath models can lead to
measurement uncertainties on the order of the electron temperature [11]; these
uncertainties can be 10% or greater for electron temperatures of 10 — 30 eV and plasma
potentials of 100 — 300 V, which are typical values within a 300 V discharge [10,11,13].

Due to these complications, the swept emissive probe was used in this work.

3.7.2 Swept Emissive Probe

Since an independent, highly accurate measurement of plasma potential was
desired, the swept emissive probe [41] was used in this work. While this diagnostic is
more difficult to implement than the floating emissive probe, the added complexity was
minimized due to the stationary nature of the probe during the study. The swept emissive
probe is operated like a Langmuir probe: the probe is biased to a range of voltages and
the resulting current to the probe is monitored. However, the probe is structured like a
floating emissive probe, so that it is capable of thermionic emission. Current-voltage
characteristics are taken at various levels of thermionic emission. Once the probe is
biased above the local plasma potential, the low-energy (< 0.1 eV) electrons emitted from
the probe cannot climb the potential hill formed in the sheath. Thus, all thermionically-
emitted electrons return to the probe, nullifying the effects of emission on the I-V
characteristic [41]. Therefore, the probe voltage at which all 1-V characteristics become
identical (to within the noise level) is taken as the local plasma potential. Due to the
noise level of the data, uncertainties in plasma potential were estimated at £ 3 VV under
almost all operating conditions tested; at 600 V discharge voltage and 10 mg/s anode
flow rate, the uncertainty increased to + 15 V due to increased noise levels.
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The swept emissive probe mechanical design is based primarily on those from
Haas [10], and subsequent modifications by Linnell and Reid [11,13]. A 0.127-mm-
diameter filament made of 1% thoriated tungsten was placed within a 1.6-mm-diameter
double-bored alumina tube. Thoriated tungsten was chosen as the filament material due
to its higher emission capabilities; this translates to a lower operating temperature for the
required emission currents, thus bringing the filament further away from its melting
point. The filament was bent into a loop with a 0.5-mm radius of curvature, and brought
into contact with 0.254-mm-diameter copper lead wires. Tungsten filler wires were then
placed inside the tube to provide a tight fit between the filament and leads, as well as
excellent electrical contact (see Figure 3-19). The probe was mounted to the thruster
using a stainless steel block and clamp, similar to the external tab probe. The final
position of the probe tip was approximately 1.4 mm from the outer wall radius, and 2.6
mm beyond the exit plane, which was within 1 mm of the location of the external tab
probe.

Lead wires Probe body

1mm \

R 0.5 mm

7_‘_ |

Filament Fillers

Figure 3-19. Schematic of the mechanical design of the swept emissive probe. Not to scale.

Due to the nature of the swept emissive probe, data were collected in a similar
manner to the external tab probe. The probe was biased with a function generator
connected to a bipolar power supply, while a floating power supply was used to provide
the filament current required for thermionic emission (see Figure 3-20). The floating
power supply was isolated from ground by placing an isolation transformer in series with
the supplied AC power, and disconnecting the ground line from the back panel of the
power supply. A 100-Q thin-film resistor was used to measure probe current, while
probe voltage was measured with a voltage divider comprised of 8.18 and 0.24-MQ thin-

film resistors. Probe current and voltage were collected and stored using a data
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acquisition system (DAQ) that scanned each channel at 40 kHz. The DAQ was isolated
from each signal using voltage-following isolation amplifiers with a bandwidth of 20
kHz. Blocking diodes were placed in parallel with the current shunt to protect the

isolation amplifier from large current spikes.
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Figure 3-20. Electrical diagram of the measurement circuit for the swept emissive probe.

The circuit was calibrated at DC prior to the study, and displayed excellent
linearity. The filament current was slowly increased from zero while the filament was
optically monitored. Once the probe showed noticeable signs of emission, I-V
characteristics were taken at 2-3 different levels of emission current. A characteristic was
taken at zero filament current as well. The probe was biased using a symmetric triangle
wave with a frequency of 20 Hz, resulting in approximately 1000 points per |-V
characteristic. The probe bias was applied in between a voltage divider placed in parallel
with the filament. This voltage divider was comprised of two 215-Q thin-film resistors
and was used to apply probe bias at the center of the filament where most emission
should occur [41]. This was done to minimize uncertainties associated with the voltage
drop across the filament, which was typically 5 — 10 V. Capacitive effects were
characterized by taking data with no plasma present, and were subtracted out in post
processing. Furthermore, the voltage drop across the current shunt was taken into
account in data analysis when determining probe bias. While this correction is usually

negligible, enough current was drawn by the probe to significantly affect a measurement
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that would otherwise have uncertainties of only a few volts. Two hundred traces were

taken at each operating condition and averaged before any data analysis was performed.

3.8 Near-field Faraday Probe

In order to correlate the internal plasma characteristics of a Hall thruster to those
in the plume, measurements of ion beam current and plume divergence are necessary.
This was accomplished by using a near-field Faraday probe to measure the ion current
density distributions close to the thruster exit plane. Such a diagnostic has been used
successfully in the past [13,43,44] to measure beam currents while minimizing facility-
induced effects that far-field Faraday probes can be prone to.

The mechanical design of the Faraday probe in this work is derived from the
probe used by Reid [13]. A 4.8-mm-diameter molybdenum disc was joined with a 1.6-
mme-diameter tungsten rod through an interference “press” fit (see Figure 3-21). The
materials were selected based on their low secondary electron emission coefficients
[45,46]; significant emission would confound the current measurement and lead to
increased uncertainties. The tungsten rod was placed within an alumina tube and held in
place using high-temperature ceramabond (Aremco 813-A). The sides and back of the
disc were then insulated using the same ceramabond to prevent excess current from being
collected on these surfaces. The thickness of the ceramabond layer on the sides of the
disc was approximately 100 um, and thus did not significantly add to the cross-section of
the probe. No guard ring was used in this design due to the impractical gap size required
at distances close to the thruster exit plane (< 0.1 mm). The probe was placed within a
stainless steel tube 9.5 mm in diameter and held in place using six set screws (see Figure
3-22).
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Figure 3-21. Schematic of the near-field Faraday probe used to measure ion current density.
Ceramabond was used to insulate the sides and back of the probe. Not to scale.
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Figure 3-22. Schematic of the near-field Faraday probe within the stainless steel tube placed on the
HARP. Not to scale.

Probe current was collected using a 47-Q, 500-mW thin-film resistor, and the
probe was biased approximately 60 V below ground using a commercially available
power supply (see Figure 3-23). This bias was typically 70 — 80 V below the local
plasma potential, and was sufficient to repel electrons (with electron temperature around
10 eV) from the probe [13,44]. The signal was sent to a 14-bit data acquisition system
(DAQ) capable of a total scan rate of 500 kHz. The DAQ was isolated from the signal
using a voltage-following isolation amplifier with a bandwidth of 100 kHz. The circuit
was calibrated at DC both prior to and following the study, and exhibited excellent

linearity and repeatability.
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Figure 3-23. Electrical diagram of the measurement circuit for the near-field Faraday probe.

The current signal from the probe was monitored along with the probe position
and time-dependent discharge current during each injection with the HARP. The
discharge current was monitored to verify acceptable perturbations to the thruster during
probe injection and removal. Data were sampled at 100 kHz per channel to adequately
resolve the 10-30 kHz thruster oscillations.

Data were collected every 5 mm in the axial direction, from 0.188 — 2.0 D1,
(mean thruster diameters) downstream of the thruster exit plane. The probe was injected
radially into the plume at each of these axial locations, extending from 2.95 Dy, to -
0.219 D1, (past thruster centerline). Data collection was triggered by monitoring the
HARP position signal; because this resulted in a slightly truncated injection sweep as the
probe began to move, only the retraction portion of the data was analyzed. Symmetry
was assumed about the thruster centerline during data reduction and analysis.

Prior to analysis, the data were smoothed using boxcar averaging with a 1-mm
window. Data analysis techniques largely followed those outlined by Reid [13]. Beam
current was calculated at each axial location by integrating the current density profile at

each axial location assuming cylindrical symmetry:

|, =27 j j,rdr. (3-1)

The bounds r; and r, were chosen based on the locations where the current density fell to
(1/e) of its maximum value. At axial distances where the current density did not fall to

(1/e) of its maximum value, the local minimum was taken as the left bound (see Figure
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3-24). This occurred as the beam currents from each portion of the annular channel
began to blend together along the thruster centerline. This method of beam current

determination yielded consistent values over a wide range of axial locations.
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Figure 3-24. Sample ion current density profile where the left portion of the profile does not drop to
(1/e) of its maximum value.

The plume divergence angle was calculated at each axial location by forming an
angle using the axial distance from the exit plane and the radial distance required for the

current density to drop to (1/e) of its maximum value (on the right side of the maximum):

tan(@) = % (3-2)
The plume was assumed to be a point source located at the channel centerline and
thruster exit plane; thus rmax was taken to be channel centerline, which was found to be a
reasonable assumption.  This method of plume divergence determination yielded
consistent values over a smaller range of axial locations; the point source approximation
was found to be invalid at locations very close to the thruster exit plane (typically less
than 0.5 Dt ), while the plume began to blend together at distances beyond 1 Dy .

The largest source of uncertainty in measurements of beam current and plume
divergence is the collection area of the probe, which was assumed to be equal to the
physical probe area. Since the only exposed area of the probe was the front face, edge
effects were minimized; a rough analysis of the sheath expansion around the probe
indicates that the largest expected increase in collection area is approximately 4%. This
analysis used Sheridan’s model [47] as a baseline calculation but includes estimates of

the effects of flowing plasma and impact parameters on the collection area. While the
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selection of probe materials and rapid reciprocation of the probe are expected to
minimize effects of secondary electron emission and thermionic emission, respectively,
attempts to correct for these effects were not made. Therefore, a conservative estimate of
+10% is used for the uncertainty in the ion beam current and plume divergence.

It was recommended by Reid [13] that beam current and plume divergence values
should be averaged over the axial range 0.5 — 1.0 D1, as values tended to be consistent
over this range. However, it was found that this range is more dynamic across several
operating conditions; how quickly the plume begins to merge past the thruster exit plane
dictates the range over which consistent values are found. For this reason, the range over
which values were averaged was made more dynamic. The plume divergence was plotted
as a function of axial distance from the exit plane. A derivative of this curve was taken,
and the axial range over which the derivative fell below a given threshold value was
taken as the averaging range (see Figure 3-25). This method allowed for a quantitative
measure of the range over which a consistent “plateau” of values was found. The
threshold value was chosen from trial-and-error studies of resulting ranges deemed

acceptable based on error bounds.
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Figure 3-25. Method of determining the axial range over which to average calculated values of plume
divergence. The range over which the magnitude of the derivative drops below the threshold value is
taken as the averaging range.

It was found that beam current values were also consistent over the averaging
range for plume divergence. However, beam current values remained consistent even at
distances only 0.188 D1, from the exit plane. This is expected since the beam current

calculation is not dependent upon a point source approximation, and therefore should
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remain valid even close to the thruster exit plane. Thus, in order to increase the number
of measurements included in the reported value, the beam current was averaged from

0.188 D, to the end of the averaging range for plume divergence.

3.9 Summary

This chapter described the facility, Hall thruster, related hardware, and various
diagnostics used within this work. Diagnostics such as the external tab probe and swept
emissive probe were used to study and improve data analysis techniques of flush-
mounted Langmuir probes, described in Chapter 4. The primary diagnostic, the internal
wall-mounted probe, was used within a 6-kW Hall thruster to measure fundamental
plasma properties along the channel walls to characterize the near-wall plasma and
various plasma-wall interactions. Presentation and discussion of these results can be
found in Chapter 5 through Chapter 8.
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Chapter 4

Flush-mounted Langmuir Probe Analysis Studies

This chapter describes the various studies performed to improve the fidelity of
measurements taken using flush-mounted Langmuir probes in Hall thrusters. A summary
of simple Langmuir probe analysis techniques and the complex probe environment of
internal wall-mounted probes are first provided. This is followed by studies on sheath
expansion in the ion saturation regime, plasma potential determination, and magnetic
field effects on the probe characteristic. Finally, determination of the sheath potential
along the floating channel wall is proposed and discussed using a combination of theory

and measurement.

4.1 Langmuir Probe Theory and Probe Environment

The Langmuir probe is one of the oldest and most often used diagnostics to
measure fundamental plasma properties. In its simplest form, it is an electrode placed
within the plasma and biased to several voltages. The resulting current to the probe at
each voltage is a function of plasma density, electron temperature, and the local plasma
potential, all of which can be determined from the probe’s I-V characteristic. While the
implementation of the Langmuir probe is attractive in its simplicity, analysis and
interpretation of the resulting data can be difficult due to numerous deviations from ideal
conditions.

Despite frequent deviations from ideal conditions, idealized “simple” Langmuir
probe analysis techniques [48,49] are often used to determine estimates of fundamental
plasma properties. While using such simple techniques can introduce errors, these errors
are often acceptable when compared to the complexities involved in accounting for the
non-ideal environment. In simple Langmuir probe analysis techniques, the ion saturation

current is first determined. This current is the total current collected by the probe at
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highly negative bias voltages, where all electrons are repelled from the probe. This ion
current is typically assumed to be constant with probe voltage, and subtracted from the I-
V characteristic to determine the electron current to the probe. If the electron population
is Maxwellian, the electron current to the probe is expected to vary exponentially with

probe voltage:

I, = %ene 87:?“—1-:Ap exp(?—j, (4-1)
where A, is the probe area, ¢, is the probe bias with respect to the plasma potential, and
the rest of the symbols have their usual meaning. Thus, if the log of the electron current
is plotted as a function of the probe bias, a line should result whose slope is the inverse of
the electron temperature. Once the probe bias reaches the plasma potential, the electron
current is expected to saturate to a constant value, resulting in a sharp change in slope.
This “knee” is taken as the location of the plasma potential; however, in practice the
electron current does not saturate due to sheath expansion and the knee is rounded due to
plasma oscillations. Thus, the linear intersection method of determining plasma potential
is typically used, which is further described in Section 4.3.1. Once the plasma potential
is found, Eq. (4-1) can be evaluated at ¢, = 0 to determine the plasma number density.

The number density may also be found using the ion saturation current of the
probe. If the probe operates in the thin-sheath regime, where the probe radius is much
larger than the Debye length, the ion saturation current is set equal to the Bohm current

with the assumption that the collection area is equal to the probe area:

eT,

= 0.61en, A . 4-2
N (4-2)

Ii,sat p

The Bohm current results in the necessity for iolns to enter the sheath at the Bohm
velocity in order to maintain sheath stability [50]. A quasi-neutral layer between the bulk
plasma and the sheath, called the presheath, is responsible for accelerating the ions to the
Bohm velocity. Because of this acceleration, the ion number density at the sheath edge is
approximately 0.61 times the number density in the bulk plasma.

Despite the frequent use of simple Langmuir probe theory, large bodies of work
have been performed to characterize the Langmuir probe’s response under various

pressures, magnetic field configurations, geometries, plasma densities, and ion and
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electron distribution functions [48,51-58]. However, this work has been largely restricted
to cylindrical and spherical probe geometries; details on proper analysis techniques for
flush-mounted Langmuir probes, under conditions typical for Hall thrusters, are severely
lacking.

The combination of the complex Hall thruster environment and the flush-mounted
geometry lead to numerous deviations from ideal conditions for Langmuir probes, which
could potentially lead to large uncertainties in plasma properties if not accounted for.
These include:

1. Presence of magnetic fields. The externally-applied magnetic field in Hall
thrusters creates a variety of orientations and magnitudes along the channel
walls. To further complicate matters, moderate-strength magnetic fields cause
typical electron Larmor radii to be of the same order as typical sheath
thicknesses (~ 5 Debye lengths).

2. Presence of flowing plasma. Simple Langmuir probe theory assumes a
stationary plasma with no significant drift component. The large ion
velocities created within the Hall thruster channel complicate the
determination of plasma densities, as well as determination of plasma
potential, which typically relies on a transition between ion-attracting and ion-
repelling regimes.

3. Non-Maxwellian, anisotropic electron energy distributions. Most
Langmuir probe theories assume isotropic Maxwellian distributions for
electrons. It is possible that the distributions within the thruster channel are
not only non-Maxwellian, but also direction-dependent due to the primarily
radial magnetic field.

4. Floating dielectric material adjacent to probe collection surface. The
geometry of the flush-mounted Langmuir probe can create a complex sheath
boundary around the probe that affects the collected current. The sheath
expansion characteristics with bias voltage would also be fundamentally
different than those for cylindrical, spherical, and free-floating planar probes.

In regards to determination of plasma properties relevant to erosion and power deposition

studies, it is important to gain accurate measurements of ion current density, plasma

46



potential, and wall floating potential. Thus, the studies presented here focus on obtaining
high-fidelity measurements of these properties within Hall thruster channels. However,
the methods of determining the probe floating potential and electron temperature in this
study are retained from simple Langmuir probe analysis techniques. With these methods,
the uncertainty in measured floating potential was conservatively estimated at + 5 V due
to probe current fluctuations in the averaged trace; the uncertainty in the measured
electron temperature was estimated to be + 15% based on the variation of possible line
fits to the transition region of the 1-V characteristic on a semi-log scale.

4.2 Sheath Expansion Model

Due to the specific geometry and boundary conditions of the flush-mounted
Langmuir probe, a dedicated model was developed to treat the sheath expansion that
occurs around the probe in the ion saturation regime (probe biases several electron
temperatures below plasma potential). Without such a model, sheath expansion creates a
large uncertainty in the collection area of the probe. Thus, the use of this model provides
a more accurate determination of the ion saturation current (and thus the ion current
density), which is critical for calculations of ion power deposition and related erosion
rates. The derivation process for this model is similar to that of Sheridan [47] for free-
floating planar probes, and thus will be briefly discussed first. Details of the
computational code, derivation process, and final sheath expansion model are then

provided.

4.2.1 Sheridan’s Model

Sheath expansion around a free-floating planar Langmuir probe has been
characterized by Sheridan [47]. A 2-D computational code with particle-in-cell (PIC)
ions and Boltzmann electrons is used to solve the ion mass and momentum conservation
equations, along with Poisson’s equation, around a free-floating pulsed electrode. The
steady-state sheath boundary, defined as the location where ions obtain the ion acoustic
speed (or Bohm velocity), is tracked as a function of probe bias and Debye length (see
Figure 4-1). A number of non-dimensional parameters are defined to obtain an elegant,

universal model:
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A, sheath area

A,  probe area

o _ 5 probe radius (4-3)
" A, Debye length’
9, probe bias
T = T, electron temperature

Using these non-dimensional parameters, a universal power law fit was found relating the
sheath expansion ratio (As/A;) to the probe bias. The coefficients of this power-law fit
were found to be dependent on the non-dimensional probe radius through additional
power law fits:

% =1+ anpb ,

p

a=228p, """,

b=0.806p, "".
The approach of using such non-dimensional parameters to obtain a more universal

(4-4)

model is mimicked in determining the sheath expansion characteristics of a flush-
mounted Langmuir probe. It will be shown, however, that due to the difference in
geometries and boundary conditions, the sheath boundary shape and expansion is less
pronounced around imbedded probes. Thus, Sheridan’s model cannot be used to analyze

the data from flush-mounted Langmuir probes.

I T |
o0 kL {a}rp=15190 i

Figure 4-1. Sample sheath boundaries at various probe voltages around a free-floating planar probe.
Taken from Ref. [47].
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4.2.2 Overview of CEX2D

The code used to derive the sheath expansion characteristics around a flush-
mounted Langmuir probe is a two-dimensional hybrid-PIC program developed by Ira
Katz at the Jet Propulsion Laboratory (JPL) called CEX2D [59]. The code was designed
to simulate ion optics within a gridded ion thruster, including charge-exchange (CEX)
ions that play a large part in accelerator grid erosion. Many of the features of CEX2D
were disabled for this work since they were not needed, including variable grid spacing
and creation of CEX ions.

The basic algorithm of CEX2D involves solving Poisson’s equation and tracking
ion trajectories on either a Cartesian (x-y) or cylindrical (r-z) grid geometry. Using the
input geometry and boundary conditions, Laplace’s equation is solved first:

Vip=0, (4-5)
where ¢ is the space potential. Thus, a potential field is first found with no space charge.
lons are then injected through the left boundary at the Bohm velocity, given the input
electron temperature and ion mass. These ions are then tracked through the potential
field in order to determine the space charge distribution in the domain. Electrons are

assumed to follow a Boltzmann distribution:

n(0)=n., exp((¢ A ) @-6)

Initially the density of the injected particles is much less than the desired plasma density,
and is chosen based on a blending function,
n°=0
n*=1-a)' +an,
where o and a are parameters chosen to determine the density step size. Thus, once the

(4-7)

space charge distribution is found, Poisson’s equation is then solved to determine a new

potential field:

V2¢=_£=_e(ni_ne).
& &

0 o]

lons are injected once again from the left boundary at a slightly higher density based on

(4-8)

Eq. (4-7); this process is repeated until the injected ion density reaches the desired

number density defined by the user.
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lon particle positions and velocities are tracked using a leap-frog method found

frequently in PIC codes:

X = 47 2AL
L Mi E(x)At. (4-9)

Particle positions, the charge density, and electric fields are tracked every timestep, while
the particle velocities are calculated every half timestep. Electric field forces are
interpolated to particle positions using a conventional bilinear weighting scheme; particle
charge is distributed to grid nodes using a similar scheme. While space potentials are
defined at grid nodes, the electric fields are defined along the grid edges midway between
nodes (see Figure 4-2):

e, J+y) #(i, J+1) #0.1)

- ) A+, J)—¢(i, ),
E i = .
r( +% J) Ar
Particles are created uniformly along the left boundary during the injection process.

(4-10)

Particles are removed from the simulation if they exceed the bounds of the simulation in
the z direction; they are reflected back into the simulation if they exceed bounds in the r

direction.

¢(i+1,j). I.EZ(i+1’j+;/2) .¢(i+1,j+1)

(1)) | (i+1,+1) ® = grid node
A e A @ - ion particle position
E,(i+Y2.) i E,(i+Y4,j+1)
____?__" _______ oz .
@) if (i.i+1)

o —> "o
(i) E (i+%) ®(ii+1)

Figure 4-2. Sample grid cell showing the locations of calculated potentials and electric fields, along
with particle weighting. The relative lengths of r, z, 1-r, and 1-z are used to weight electric fields to
particle positions and particle charge to grid nodes.

The above algorithm was implemented in Fortran 90 and can be run on any
standard PC with Windows. The matrix equations were solved using a sparse matrix

solver within the Compaq Extended Math Library (CXML) of Compaq Visual Fortran.
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This allows the matrices to be solved very efficiently, with ion optics solutions being
obtained within tens of minutes; solutions for this study were typically obtained within

one minute.

4.2.3 Method of Expansion Characterization

In order to characterize the sheath expansion around a flush-mounted Langmuir
probe in ion saturation, a simulation domain was set up in cylindrical space using
CEX2D (see Figure 4-3). The left boundary at z=0 represents the unperturbed bulk
plasma at a defined plasma potential of zero. This boundary also acts as the location
where the Bohm current of ions is injected into the simulation domain. The right
boundary at z=zmax constitutes the probe and adjacent insulating material. The probe is
biased to various potentials, while the wall potential is calculated from the electron
temperature using the methods described in Section 4.5.3. The bottom (r=0, axis of
symmetry) and top (r=rmax) boundaries are reflected boundaries where particles are

reflected back into the domain.

reflected boundary (E, = 0)

:: ¢= ¢wa||

Bohm
L Current

—u> r

:: ¢: ¢probe

z

axis of symmetry (E, = 0)

Figure 4-3. Computational domain for ion sheath expansion study using CEX2D. Electric potential
boundary conditions are defined at left and right boundaries while electric field boundary conditions
are defined at top and bottom boundaries.

A range of simulation conditions were chosen that were representative of the
plasma inside the 6-kW Hall thruster. Seven electron temperatures were simulated,
ranging from 3 — 30 eV. For each electron temperature, five p,’s (probe radius-to-Debye

length ratio) were chosen ranging from 5.5 — 13. The probe radius was held constant for
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each of these simulations, and the number density was properly chosen to yield the

necessary Debye length. For each py, six 1p’s (non-dimensional probe bias with respect
to plasma potential) were chosen ranging from 5-10. These numbers were chosen to

approximately span from the probe floating potential to deep into ion saturation. A

typical solution can be seen in Figure 4-4.
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Figure 4-4. Sample contour plot of equipotentials and ion trajectories (black lines) around a flush-
mounted Langmuir probe using CEX2D.

The equivalent sheath area for each simulation was found by tracking
approximately 100 ion trajectories within the domain; the one that was found to reach the
edge of the probe was traced back to z=0. This trajectory can be considered the boundary

Thus, the radius of this

between ions that are and are not collected by the probe.
trajectory at z=0 can be considered the radius of capture, as well as the equivalent sheath

radius (see Figure 4-5).
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reflected boundary (E, = 0)
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Figure 4-5. Schematic representing typical ion trajectories, shown in red, found around a flush-
mounted probe. The ion trajectory that reaches the probe edge is the boundary of capture, and can
be used to define an equivalent sheath radius.

The equivalent sheath area was found as a function of #,, pp, and Te. Similar to
Sheridan’s model, sheath expansion was characterized by first comparing As/A, at
various probe voltages; the coefficients within the fit functions found are then compared
at various values of p,. Finally, the coefficient functions are compared across various
electron temperatures to check for universal behavior. The final step was performed due

to the dependence of the wall floating potential on electron temperature.

4.2.4 Final Expansion Correction Model

The sheath expansion around a flush-mounted Langmuir probe was first found as
a function of the non-dimensional probe bias. However, a new variable is defined for the
probe bias in this study:

¢probe - ¢wal|

e

This new definition is made due to the differing boundary conditions between a flush-

fy =~ (4-11)

mounted probe and a free-floating probe. For a free-floating probe, like in Sheridan’s
model, the sheath area is equal to the probe area when the probe is biased to the local
plasma potential; thus, the area ratio is equal to 1 when #,=0. Equivalently, the sheath
area around a flush probe is equal to the probe area when the probe is biased to the
adjacent wall floating potential; at this point the probe is indistinguishable from the wall,
creating a uniform surface (see Figure 4-6). Thus, the area ratio is equal to 1 when z,=0.
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perturbation

Figure 4-6. Diagram showing how the sheath boundary becomes perturbed around a flush probe. No
perturbation occurs when the probe is biased to the local wall potential, creating a uniform,
indistinguishable surface.

Figure 4-7 shows variations of the area ratio, As/A,, with probe bias, xp, at an
electron temperature of 3 eV. The variation is highly linear with a slope that is a function
of pp. As expected, all lines intercept As/A,=1 when x,=0. This trend is consistent
across all electron temperatures tested in the study. Thus:

%:l-’_b(pp’-re)lup' (4'12)

p
The variation of the slope b with non-dimensional probe radius, pp, is shown in

Figure 4-8 at an electron temperature of 3 eV. Within the range of values tested, the best
fit was found to be a power law variation with zero offset. A zero offset was enforced
during the fit process since the sheath expansion should naturally fall to zero at an infinite
value of pp; this corresponds to the scenario of an infinite planar probe (or equivalently, a
negligible value of Debye length). The power law function was found to be the best fit at

all electron temperatures tested. Thus:

b(p, . T.)=C(T.)p,""". (4-13)
The coefficients, C and m, were assumed to be functions of electron temperature.
However, this is merely due to the dependence of the floating wall potential on the
electron temperature. Equivalently, a new non-dimensional variable is defined that

characterizes the floating wall potential:
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Figure 4-7. Variation of sheath area expansion with probe bias, found to be highly linear at all values
of p,, tested. Electron temperature was set to 3 eV.
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Figure 4-8. Variation of slope b with non-dimensional probe radius, p,, at an electron temperature of
3 eV. A power law function with zero offset was found to fit very well.

The variation of the coefficient C with electron temperature and xo is shown in
Figure 4-9. Errors bars are derived from the standard deviations of the power law curve
fits to b. The coefficient C appears to be roughly constant in two regions separated at an
electron temperature between 18 and 20 eV. This temperature corresponds to the

crossover energy of boron nitride, when the sheath becomes space-charge-limited due to
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secondary electron emission from the wall (see Section 4.5.3). Thus, an average value is
used in each of these two regions:

(1) 02985, 11 >1.02
#)70.4004, 1, <1.02°

The non-dimensional wall potential is used here due to its more fundamental nature; the

(4-15)

model can then be used for materials other than boron nitride, as long as the secondary

electron emission characteristics are known.
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Figure 4-9. Variation of the fitting coefficient C with electron temperature, T., and floating wall
potential, uo. Values are largely constant until the crossover energy is reached, at T, = 19.3 eV or u,
=1.02.

The variation of the fitting coefficient m with electron temperature and wuo is
shown in Figure 4-10. Error bars correspond to the standard deviations found for the

power law curve fit to the slope b. Similar to the coefficient C, values of m are
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approximately constant in two regions separated by the crossover energy at T, = 19.3 eV.

Thus, an average value is used in each of these two regions:

()= [O79T8. 102 16
#)=1_0.8495, u, <1.02° (4-16)

As before, o is used in place of the electron temperature in order to make the model

more universal, increasing its applicability to flush-mounted probes in general.
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Figure 4-10. Variation of the fitting coefficient m with electron temperature, T., and floating wall
potential, uo. Values are roughly constant until the crossover energy is reached, at T, =19.3 eV or uq
=1.02.

The final model is summarized in Eq. (4-17). The secondary electron emission
characteristics of the adjacent wall material are required to determine the floating wall
potential as a function of the electron temperature (see Section 4.5.3). Other required

information includes the local plasma potential, probe radius, and electron temperature;
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all of these quantities can either be obtained from the Langmuir probe I-V characteristic
or be readily measured. The model can then be used to determine the sheath expansion at
each bias voltage of the probe trace. The collected current can be “corrected” for this
expansion by accounting for the increased area and solving for the equivalent collected
current if there were no sheath expansion. Since the Debye length is a required quantity
in the model, which is dependent upon the plasma number density, solving for the correct
ion saturation current (and number density) is an iterative process; the model must be
used to determine the proper ion number density until a consistent solution is found.
Figure 4-11 shows a comparison between corrected and uncorrected data from a flush-
mounted Langmuir probe. The derived model does an excellent job of correcting for
sheath expansion and recovering a flat ion saturation level. Due to the inherent noise in
the data, the ion saturation current is found by averaging values from the lowest bias

potential to one electron temperature below the floating potential.

X1+ Clu)o,"

p
() (02985, 4,102
#)710.4004, 4, <1.02’

()= [O79T8. 102
#)=1_0.8495, u, <1.02°

(4-17)
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Figure 4-11. Comparison of corrected and uncorrected ion saturation regimes from a flush-mounted
Langmuir probe 1-V characteristic. The corrected data is much flatter and the ion saturation
current is easily determined.
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While this model was found to flatten out the ion saturation regime of the I-V
characteristic, it did not always result in a highly constant value of ion saturation current.
Because of the slight slope in the ion saturation branch and the method of averaging to
determine the ion saturation current, the uncertainty associated with this measurement
was estimated at £25%. Along with the uncertainty in probe diameter (25 pm), this

resulted in a £40% uncertainty in measured ion current density.

4.3 Plasma Potential Determination

While Langmuir probes have the ability to measure the local plasma potential, the
data can be affected by the presence of flowing plasma, magnetic fields, plasma
oscillations, and the probe geometry. Since the plasma potential is necessary to calculate
proper ion saturation currents, ion beam energies, as well as electron energy distribution
functions, it is a critical parameter when dealing with wall power, erosion, and
characterization of the plasma. For this reason, a study was done to determine the best
technique to obtain plasma potentials from flush probes. A number of analysis
techniques were used to determine the plasma potential from data taken with a flush-
mounted Langmuir probe, and compared to the more robust diagnostic of a swept
emissive probe (see Section 3.7.2). Three analysis techniques for Langmuir probes are
described, followed by the analysis for swept emissive probes. All these methods are
then compared and a recommendation is made for determining local plasma potential

from flush probes.

4.3.1 Linear Intersection Method

This is the standard method of determining plasma potential from Langmuir probe
data. The electron current is first calculated from the probe current by subtracting out the
ion current, typically assumed to be constant, from the data. The natural log of the
electron current is then plotted as a function of probe bias (see Figure 4-12). A line is
then fit to the transition (electron repelling) region below the plasma potential, as well as
the electron saturation region above the plasma potential. An algorithm was created to
find the best line fit that maximized the number of points in the fit while maintaining a

reasonable correlation coefficient. The probe voltage at which these two lines intersect is
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taken as the local plasma potential. This is based off an ideal Langmuir probe trace,
which contains two linear regions in the transition and electron saturation regimes,
separated by a sharp change in slope at the plasma potential. This sharp “kink” is
typically smoothed out by plasma oscillations, but extrapolating the lines from the

extremes of the two regions should recover the location of the plasma potential.
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Figure 4-12. Method of linear intersecting lines to determine plasma potential from Langmuir probe
data. A line is fit to the transition and electron saturation regions of the characteristic, and the probe
voltage at the intersection of these two lines is taken as the local plasma potential.

4.3.2 Derivative Method

The derivative method is a less often used technique to determine plasma
potential from Langmuir probe data. A first (and sometimes second) derivative of the
probe characteristic is required. Due to the inherent noise level in any experimental data,
this typically necessitates smoothing of the raw data. Unfortunately, smoothing data can
significantly alter the shapes of the derivatives, leading to larger uncertainties.

For this study, an algorithm was created that starts with negligible smoothing to
the raw data and slowly increases the level of smoothing until a satisfactory reduction in
noise is achieved, based upon the presence of rapid derivative (dl/dV) changes in the
intermediate portion of the I-V characteristic. Smoothing was performed using the
Reinsch algorithm available within the analysis program Igor Pro. Each smoothed trace
was compared to the original data to ensure the original shape was retained. Due to the
fundamental differences in current collected by an electron-repelling probe and an
electron attracting probe, an inflection point in the Langmuir probe characteristic is
typically found at the plasma potential. Thus, the probe voltage where the first derivative
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of the trace is maximized (or equivalently, a zero in the second derivative) corresponds to
the local plasma potential.

While in many cases the zero in a second derivative can be easily recognized, in
other cases a maximum in the first derivative is not well-defined. Figure 4-13 shows an
example of such a case, taken by the external tab probe near the exit plane of the 6-kW
Hall thruster. In such circumstances where the second derivative never reaches zero, the
primary “hump” is extrapolated linearly to zero to determine an approximate value of the
plasma potential.
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Figure 4-13. Method of derivatives to determine plasma potential from Langmuir probe data. The
probe voltage where the first derivative maximizes, or equivalently where the second derivative
reaches zero, is taken as the plasma potential.

4.3.3 Shifted Floating Potential Method

Another method for determining plasma potential from Langmuir probes is to
take the measured floating potential of the probe and shift it by a certain amount based on
the local electron temperature. According to simple Langmuir probe theory [49], the

difference between the plasma and floating potentials is given by

e

%
vV, -V, =T, |n(2Mi J , (4-18)

where V), is the plasma potential, V; is the floating potential, M; is the ion mass, and me is
the electron mass. For a xenon plasma, the natural log term equals 5.27; thus, the
measured floating potential should be 5.27 electron temperatures below the local plasma

potential.
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This method includes several assumptions such as a Maxwellian distribution for
electrons, ion current equal to the Bohm current, and a 1-D plasma that may not hold
within Hall thruster channels. It should be noted that Eq. (4-18) does not include any
potential drop from the presheath that accelerates ions to the Bohm velocity. The
presheath thickness scales with an ion collisional mean free path, which is typically on
the same order as the thruster channel width. Thus, it is not physically justified to include
the potential drop associated with the presheath. Despite the assumptions involved in this
method, it remains an attractive, simple approach that should give a reasonable estimate

of plasma potential.

4.3.4 Swept Emissive Probe Method

The diagnostic used for comparison against the various methods of Langmuir
probes is the swept emissive probe (see Section 3.7.2). A filament is biased to various
voltages like a Langmuir probe, but under different levels of thermionic emission. Since
all thermionically emitted electrons return to the probe when it is biased above the plasma
potential, all traces should overlap at probe voltages above the plasma potential. Figure
4-14 shows a typical data set taken near the exit plane of the 6-kW Hall thruster operating
at 300 V and 20 mg/s anode flow rate.
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Figure 4-14. Sample data from the swept emissive probe using three different filament currents. The
voltage at which the traces begin to overlap is taken as the local plasma potential.

While the warm and hot traces overlapped well at voltages above the plasma
potential, the cold trace did not always match well with the other traces. This is possibly

due to impurities on the probe that cause variations in the surface work function for the
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cold trace [41]; these impurities would burn off when the probe reaches a high enough
temperature, thus not affecting the warm and hot traces. For this reason, only the warm
and hot traces were used to determine the measured plasma potential.

Despite efforts to match the locations of the external tab probe and swept
emissive probe, differences on the order of 1 mm still remained in both axial and radial
directions. While this difference seems negligible, the large potential gradients near the
exit plane of the thruster could create significantly different plasma properties at each
probe location. For this reason, a shifted floating potential method similar to Eq. (4-18)

was used to account for the difference in probe location:

V, =V +T,. (4-19)
Since the Hall thruster plasma is non-ideal near the exit plane, " is not assumed to be
equal to 5.27. However, due to the close proximity of the external tab probe and swept
emissive probe, ( is taken to be a constant between the two probe locations. Thus:
vV, -V, B vV, -V,
T T

& €

where the subscript “1” corresponds to the location of the external tab probe and the

, (4-20)

subscript “2” corresponds to the location of the swept emissive probe. The cold trace
from the swept emissive probe is used to determine Vi, and Tep, while Vp is left as the
unknown variable. In this way, the swept emissive probe data can be used to obtain a

measurement of the local plasma potential at the location of the external tab probe.

4.3.5 Comparison of Methods

The three different methods of determining plasma potential from Langmuir
probes were compared to the swept emissive probe at seven different thruster operating
conditions, shown in Table 4-1. These conditions represent a wide range of discharge

voltages, mass flow rates, and discharge powers.
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Table 4-1. Thruster operating conditions used during plasma potential study.

Discharge Anode Flow Rate Discharge Discharge Power
Voltage [V] [mg/s] Current [A] [kW]
150 10 8.72 1.3
150 20 20.80 3.1
150 30 34.43 5.2
300 10 8.68 2.6
300 20 19.47 5.8
300 30 31.69 9.5
600 10 8.87 5.3

Table 4-2 shows the results of plasma potential near the exit plane of the 6-kW
Hall thruster using the four different analysis techniques described above. Percent
differences when compared to the swept emissive probe, arguably the most accurate
technique, are given in parentheses. Data from the swept emissive probe at 300 V and 30

mg/s anode flow rate is not available due to probe failure.

Table 4-2. Comparison of plasma potential results from various analysis techniques. When
compared to the swept emissive probe, the derivative method appears to be the most accurate.

Operating Swept Emissive Linear Derivative Shifted Floating
Condition Probe Method [V] Intersection Method [V] Potential Method
Method [V] [V]
150 V, 10 mg/s 63 34 (46) 65 (3) 50 (21)
150 V, 20 mg/s 70 35 (50) 65 (7) 52 (26)
150 V, 30 mg/s 63 34 (46) 61 (3) 43 (32)
300V, 10 mg/s 70 36 (49) 88 (26) 75 (7)
300V, 20 mg/s 84 42 (50) 75 (11) 70 (17)
300V, 30 mg/s N/A 44 83 74
600 V, 10 mg/s 154 71 (54) 119 (23) 140 (9)

Based on the results, the linear extrapolation method underestimates the local
plasma potential by approximately 50%. The derivative and shifted floating potential
methods are more accurate, with average relative errors of only 12% and 19%,
respectively. Thus, while the linear extrapolation method is the most frequently used
analysis technique to determine plasma potential, it does not give accurate results with a
flush probe within a Hall thruster discharge plasma. It is surprising that the shifted

floating potential method gives such accurate results despite all the assumptions involved

64



in its derivation. This may indicate that the plasma near the thruster exit plane is more
ideal than expected. However, due to the derivative method’s independence on electron
temperature and its low average error, it is the recommended method for determining
plasma potential from flush probes in Hall thrusters. All subsequent presented plasma
potentials were determined using this method of analysis.

Based on the results from Table 4-2, the uncertainty associated with the derivative
method increases with discharge voltage, being approximately £5-10% at 150 V and +10-
20% at 300 and 600 V. However, the use of these values is applicable only within the
acceleration zone where these data were collected, as the derivative method was found to
have higher levels of uncertainty due to a poorly defined inflection point. At locations
upstream of the acceleration zone, the inflection point of the 1-V characteristic was much
more defined, leading to reduced uncertainties. Because of this, the uncertainty
associated with the derivative method is reported at a fixed value of 6.7% the discharge
voltage (e.g. £20 V for a 300 V discharge).

4.4  Magnetic Field Effects

The externally-applied magnetic field inside a Hall thruster is of sufficient
strength to magnetize the electron population while leaving the ion population relatively
unmagnetized (i.e. the ion gyroradius is much larger than the channel dimensions). The
presence of such a magnetic field can affect electron motion to a surface, and thus also
change the way electrons are collected by a Langmuir probe [48,51,55,58,60-62]. For
this reason, a flush-mounted Langmuir probe was placed within a uniform magnetic field
(see Sections 3.5 and 3.6.1) in order to characterize the effects of magnetic field
conditions representative of Hall thrusters on measurements of floating potential, plasma
potential, electron temperature, and electron number density.

In this particular study, a relatively low number of points were taken per I-V
characteristic. Due to the low probe voltage resolution (~ 1.5 V), the derivative method
of determining plasma potential (see Section 4.3.2) was found to yield large uncertainties.
Thus, plasma potentials in this study were determined using the standard linear
intersection method (see Section 4.3.1) due to its robustness and independence from other

measured properties. This was deemed acceptable due to only needing consistency
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across measurements and not absolute accuracy in this study. The electron number
density was determined from the electron saturation current collected at plasma potential

and assuming a thermal flux:
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Eight different magnetic field magnitudes were tested, along with four different

angular orientations (see Table 4-3), for a total of 32 conditions. The definition of
angular orientation can be seen in Figure 4-15; zero degrees corresponds to a normal
incidence of magnetic field. For the data presented here, the thruster was operated at a
discharge voltage of 150 V and an anode flow rate of 30 mg/s. This operating condition
provided an environment at the probe that was most representative of that within the Hall
thruster discharge channel, based on the degree of sheath magnetization characterized by

the cyclotron radius-to-Debye length ratio at nominal conditions.

Table 4-3. List of magnitudes and orientations tested in magnetic field study. A total of 32 conditions
were investigated.

Magnetic Field Magnitude [G] Magnetic Field Orientation [deg]

0 0
5 30
10 60
30 90
50
100
150
200

Coupon/Probe

Figure 4-15. Schematic showing the definition of the magnetic field orientation angle with respect to
the coupon and probe. For this particular study, the magnetic field and ion velocity vectors were
aligned.
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Figure 4-16 through Figure 4-19 show the measured floating potentials, plasma
potentials, electron temperatures, and electron number densities under various magnetic
field magnitudes and orientations. Overall, there is little significant effect on the floating
potential, plasma potential, and electron temperature. At an orientation of 90°, the
measured floating potential and electron temperature are slightly higher, but this
elevation occurs even with no magnetic field present, indicating it is an orientation
phenomenon. However, it appears that the calculated number density slightly increases
with magnetic field magnitude at all orientations tested. While this is a surprising result
since electron current is expected to drop with increasing magnetic field, it is possible
that the plasma density actually rose as the magnetic field constricted electrons into close,
tight orbits.
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Figure 4-16. Measured floating potentials under various magnetic field magnitudes and orientations.
Magnetic field effects are largely negligible, as the slight elevation at 90° is purely an orientation
effect.

—e—0=0°
2 —e— 6 =30° I~
—8— 6 =60°
—a— 0=90°

Plasma Potential [V]

0 50 100 150 200
Magnetic Field Magnitude [G]

Figure 4-17. Measured plasma potentials under various magnetic field magnitudes and orientations.
The presence of the magnetic field appears to have little effect.
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Figure 4-18. Measured electron temperatures under various magnetic field magnitudes and
orientations. Magnetic field effects appear to be largely negligible, as the slight elevation at 90° is
purely an orientation effect.
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Figure 4-19. Calculated electron number density at various magnetic field magnitudes and
orientations. An increasing magnetic field appears to create a slight increase in calculated number
density.

The reason behind the negligible observed differences can be explained by
considering the changes to the sheath formed around the probe. Ahedo et al. showed that
the sheath formation is dictated by the relative magnitudes of the Debye length, Ape, the
electron cyclotron radius, Ac, and the collisional mean free path, 1, [60-62]. Due to the
low number densities involved within this study as well as Hall thruster channels, the
collisional mean free path is much larger than the other two scale lengths; thus, sheath

formation is dictated by the ratio, 1c/Ape, given by

ﬂ‘c me ne
7 Ve (4-22)
De 0
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Values representative of the plasma within a Hall thruster channel are compared to values
from the present study in Table 4-4. Plasma parameters for the NASA-173Mv1l were
taken from Refs. [11,24] for a 300-V discharge at nominal flow rate, and values were
measured approximately 0.1 channel widths from each wall. The NASA-173Mv1 was
taken as a typical thruster within its power class (5 kW), and while absolute values will
vary from thruster to thruster, the ratio A./Ape should remain representative of a large

class of Hall thrusters.

Table 4-4. Characteristic values of pertinent length scales near the walls of the NASA-173Mv1 and
within the present study. Properties are based off a 300-V discharge at nominal flow rates.

NASA-173Mv1 Outer  NASA-173Mv1 Inner
Present Study
Wall Wall
Number Density [m™] 7x 10" - 10" 7x 10" - 10" 7 x 10™
Electron Temperature [eV] 10 - 40 10 - 40 1.4
Cyclotron Radius [pm] 450 - 650 335-430 140 - 5650
Debye Length [um] 30-40 30-40 335
Ao/ADe 15-16 10-12 0.4-17

For the present study, the transition point where A./Ape ~ 1 occurs at a magnetic
field strength of 85 G. For conditions where Ac./Ape >> 1, which are typical within Hall
thruster channels, Ahedo [60] has shown that the sheath structure is comprised of three
layers: a magnetized presheath, an unmagnetized Debye sheath, and a third intermediate
layer called the Chodura layer. The purpose of the Chodura layer is to turn the magnetic-
field-aligned flow within the presheath to the electric-field-aligned flow within the Debye
sheath. Therefore, under these conditions, the magnetic field would have little effect on
the sheath and measured properties as their influence is effectively “shielded out” by the
Chodura layer.

For conditions where A¢/Ape < 1, the sheath is expected to be partially to
completely magnetized and thus greatly affects the electron particle trajectories to the
probe. However, these effects are not seen in the experimental data from this study.
Since the primary effect of a magnetic-field-aligned flow of electrons would be a change
in the effective probe collection area, one would expect only the calculated electron
number density to be influenced; but in this particular study this trend is not seen. It is
possible there are two competing effects present as magnetic field magnitude is
increased: a decrease in calculated number density due to the shrinking probe collection
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area; and an increase in calculated number density as the magnetic field confines the
electron population into closer orbits. This is plausible since the number density is seen
to increase with magnetic field strength until approximately 100 G where it then levels
out; this magnitude is where the sheath is expected to become magnetized, thus leading
to smaller collection areas.

Based on Table 4-4 and Refs. [11,24], the conditions most relevant for this study
are at orientations 0-60° and magnitudes less than 10 G. W.ithin this regime, the
measured plasma properties are largely unaffected by the magnetic field. While it is
possible that the calculated electron number density will be affected, it is likely that this
can be easily corrected by using the projected probe area normal to the magnetic field as
the collection area. Furthermore, all other plasma densities in this work are only
calculated from the ion saturation current, which should be unaffected by the magnetic
field since the ions within Hall thrusters are unmagnetized. It should be noted that a flow
orientation of 90° had a slight effect on measured floating potentials and electron
temperatures. Since this flow orientation was not observed inside the channel in the
present work, its influence is outside the scope of this dissertation. However, such
grazing angles may be encountered within the discharge channel in later stages of thruster

lifetime, and thus these effects warrant further investigation.

45 Sheath Potential Determination

The potential difference formed between the bulk plasma and the floating channel
wall is an important quantity that can have significant effects on thruster performance and

lifetime. In general, the potential drop is given by

Veean = Vaar =V, - (4-23)
This potential difference is formed to attract ions and repel more mobile electrons from
the floating wall, in order to balance the flux of positive and negative charge to the wall.
Thus, the sheath potential restricts the particle and energy flux of electrons to the wall.
Furthermore, the sheath can impart significant energy to incoming ions as they approach
the wall, affecting both the ion energy and impact angle at the wall. These factors

determine not only the ion energy flux to the wall but also the sputtering capability,
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which is relevant to erosion. Equation (4-18) shows that sheath potentials can exceed
five electron temperatures in front of an ideal, floating surface. With electron
temperatures around 30 eV in a typical 300 V Hall thruster discharge [10-13], the sheath
is capable of imparting energies of the same order as the axial electric field. Since the
sheath potential has such a significant influence on wall power losses and erosion of the
channel, it is important to obtain accurate measurements of the local plasma potential and

the floating channel wall.

45.1 Effects of Secondary Electron Emission

While it is straightforward to measure the floating potential of a Langmuir probe,
a measurement of the floating potential of the adjacent Hall thruster channel wall is
complicated by the effects of secondary electron emission. While pure tungsten has a
relatively low secondary electron emission (SEE) coefficient [63] in order to avoid
complicated analysis of the resulting I-V characteristic, the insulating channel wall
materials tend to have much higher SEE coefficients [64]. The SEE properties of the
wall material have been shown to significantly affect thruster performance [7,65,66].

Electron emission from the surface acts to increase its potential (making it less
negative), thus reducing the magnitude of the sheath potential. Another explanation of
this phenomenon is that electron emission is equivalent to ion collection at the surface,
thus reducing the necessary potential drop to balance the ion and electron currents to the
wall. As secondary electron emission increases, the sheath potential magnitude continues
to drop until the emission becomes space-charge-limited at the surface. At this point, the
electric field at the surface reverses and prevents further emission from occurring (see
Figure 4-20). The energy range over which this occurs is known as the charge saturation
regime (CSR).
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Figure 4-20. Comparison of sheath potentials in the absence of SEE (left) and when the sheath is in
the charge saturation regime (right). In CSR, the sheath potential magnitude is small and the
electric field at the surface is reversed.

However, the actual effect of SEE from the channel wall on the plasma within the
thruster channel is presently under debate. While SEE from the wall can potentially
affect sheath potentials and electron populations within the channel, it is possible that
SEE from one wall passes through the bulk plasma to be recollected by the opposing wall
(see Figure 4-21). If this occurs, each flux of secondary electrons can cancel the other
out by counter-streaming to the opposite wall. Thus, the extent to which SEE affects
sheath potentials and the electron population is dependent upon the degree of

thermalization within the bulk plasma [3,4].

Outer Wall Outer Wall

v

se se
4

Inner Wall Inner Wall

Figure 4-21. Diagram showing the effects of secondary electron fluxes and dependence on electron
thermalization processes within the channel. If the two fluxes do not thermalize in the bulk plasma,
they can counter-stream to the opposing wall and cancel each other out.

If complete thermalization occurs within the plasma, then the effects of secondary
electron emission are described by the Hobbs and Wesson solution of space-charge-
limited emission from a surface [42]. This model has already been implemented within
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the hybrid-PIC Hall thruster simulation program HPHall-2 at JPL [67].

mentioned before, the effects of SEE on the plasma are still under debate. Kinetic studies

However, as

performed by Kaganovich et al. [68] have shown that the secondary electron fluxes from
each wall move mostly undisturbed through the plasma, thus canceling each other out and
having no effect on the sheath potential. However, due to the lack of collisions, a
significant portion of high-energy electrons are lost to the walls and not replenished,
resulting in reduced sheath potentials on the order of one electron temperature. Thus,
determination of the degree of thermalization is critical towards understanding how SEE

affects sheath potentials within a Hall thruster.

4.5.2 Implications of Measured Sheath Potentials
The measured sheath potentials of the internal wall-mounted probes can provide
Figure 4-22

gives the measured sheath potentials as a function of measured electron temperature. The

information on the electron population within the Hall thruster channel.

Hobbs and Wesson solution for tungsten (probe material) and boron nitride (channel wall
material) are provided for reference. The SEE properties for tungsten were calculated
from a power law fit to data taken from Ref. [63], while the data for boron nitride were
taken from Refs. [67,69]. The ideal case with no SEE effects, given by Eq. (4-18), is also

shown.
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Figure 4-22. Measured sheath potentials as a function of measured electron temperature using
internal wall-mounted probes within the 6-kW Hall thruster. Near-ideal sheath potentials indicate a
large population of high-energy electrons, which provide evidence of thermalization processes within
the bulk plasma.
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While the measured potentials do not precisely follow the ideal solution or the
Hobbs and Wesson solution for tungsten, most of the data are in between these two
curves. A linear fit to the experimental data gives a slope of approximately -4.6, very
close to the ideal value of -5.27. Thus, large sheath potentials on the order of five
electron temperatures are measured by the imbedded wall probes. This is of critical
significance: such large sheath potentials indicate that electron current was still collected
by the probe when biased several electron temperatures below plasma potential. This
result is clear evidence of the presence of high-energy electrons near the channel walls of
a Hall thruster. Furthermore, this shows that high-energy electrons are not depleted but
replenished within the plasma, likely by some thermalization mechanism.

The presence of thermalization within the channel is surprising due to the low
collision frequency expected in the ionization and acceleration zones. Using an electron
collision frequency of 3 x 10° Hz, a typical measured value near the exit plane of the 6-
kW Hall thruster [13], a 25 eV electron will have to travel approximately 0.5 m before
encountering a collision. This length is much longer than any characteristic length of the
thruster, including the channel width. However, simulations performed by King [70]
have shown that magnetic mirror effects and radial electric fields allow electrons to
bounce between walls while they drift azimuthally around the channel. It is therefore
conceivable for the electron path length to greatly exceed the channel width before hitting
any walls.

While the exact details of this mechanism are currently unknown, the near-ideal
measured sheath potentials are an indication of a high degree of thermalization. To the
author’s knowledge, this is the first direct experimental evidence of such electron
thermalization within a Hall thruster channel. For these reasons, it is reasonable to
assume that the SEE effects on sheath potential are significant, and that the Hobbs and
Wesson solution can be used to obtain the proper sheath potentials within the Hall

thruster channel.

45.3 Final Sheath Potential Model

Given the strong experimental evidence of electron thermalization, the method of
determining sheath potentials in this study is identical to that found within the HPHall-2
simulation code used by JPL [67,69]. The Hobbs and Wesson model [42] was solved
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numerically and a curve fit was created to determine the sheath potential dependence on
SEE coefficient:

B C D
Voean = In(A(l_é‘w))_ (1_5\”)2 - (1_5W)3 - (1_5W)4 ' (4-24)

Values of the fitting coefficients A, B ,C, and D are 195.7, 1.29 x 10 -3.45 x 10°®, and
3.69 x 10°®, respectively. The SEE coefficient, dy, is determined from a linear curve fit

to experimental data that accounts for backscattered electrons:

2T
5,=06,+(1-3,) Ee, (4-25)

1

where Jy is the SEE coefficient at zero electron energy and E; is the incident energy at

which the SEE coefficient is unity. Values used for boron nitride are o = 0.54 and E; =
40 eV.

The above equations are only valid at incident energies below the crossover
energy. At this energy, the sheath becomes space-charge-limited and the sheath potential

is reduced to -1.02T.. This occurs at an SEE coefficient of
. m
o =0 =1-8.3[—, 4-26
. =9, m (4-26)

which is 0.983 for a xenon plasma. For boron nitride, this corresponds to a crossover

temperature of 19.3 eV. Thus, for electron temperatures below 19.3 eV, Egs. (4-24) and
(4-25) were used to determine the sheath potential of the floating channel wall. For
electron temperatures above 19.3 eV, the sheath potential was set equal to -1.02Te.
Corresponding values for various other Hall thruster wall materials can be found in Ref.
[23].

Since this method of determining sheath potential is dependent upon the electron
temperature, the uncertainty associated with this calculation was found to be within
+15% at almost all temperatures except near the crossover temperature of 19.3 eV.
Calculation of the propagation of uncertainty shows that around the crossover
temperature the uncertainly can be well over 100%. This sensitivity will be further
discussed in Section 7.4, where it is determined to be important towards calculations of
electron power to the channel walls. However, due to the small range of electron
temperatures where this sensitivity occurs, the uncertainty in sheath potential is reported
at £15% unless otherwise noted.
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4.6 Summary

This chapter discussed the various studies performed to improve the data analysis
techniques for flush-mounted Langmuir probes. In particular, techniques were developed
or proposed to determine the ion saturation current, plasma potential, and wall sheath
potential. A hybrid-PIC code, CEX2D, was used to characterize the sheath expansion
around a flush probe, and a model was developed that can be applied to experimental data
to correct for such effects. The derivative method of determining plasma potential was
found to be most accurate when compared to the more robust measurements from a swept
emissive probe. Also, magnetic field effects were found to be negligible under the
typical conditions expected along Hall thruster channel walls.

Lastly, secondary electron emission was found to strongly affect sheath potentials
within Hall thrusters. Measured sheath potentials were found to approach fives times the
electron temperature, indicated the presence of high-energy electrons. These electrons
would be quickly lost to the channel walls if thermalization processes were not present to
replenish the population. The thermalization of electrons within the bulk plasma
indicates that secondary electrons don’t stream collisionlessly across the channel, and
thus can strongly influence the sheath potential along the channel walls. For this reason,
sheath potentials are assumed to follow the Hobbs and Wesson solution [42] of space-

charge-limited emission.
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Chapter 5

Characterization of the Near-Wall Plasma

This chapter presents measured values of various plasma parameters along the
channel walls of the 6-kW Hall thruster. In an effort to characterize the near-wall plasma
and differentiate it from the rest of the bulk discharge, data from the internal wall-
mounted probes are compared to measured values inside the channel taken by Reid [13].
Details of the data collection using the internal wall-mounted probes are first provided.
A brief summary of the prior internal measurements taken by Reid are then described.
Plasma potential, electron temperature, and ion number density along the inner and outer
channel walls are then characterized and compared to each other as well as to values
within the bulk discharge. Finally, measured electron energy distribution functions are

presented, and implications of the structure are discussed.

5.1 Discussion of Data Collection

Table 5-1 provides a full list of the operating conditions tested using the internal
wall-mounted probes, spanning a wide range of discharge voltages (150 — 600 V), anode
flow rates (5 — 30 mg/s), and discharge powers (0.5 — 10.1 kW). This allowed for various
trends to be extracted as a function of all these parameters. The order in which data were
collected was driven primarily by priority of desired points; therefore, the nominal
operating condition of 300 V and 20 mg/s anode flow rate was first tested. This was then
followed by variations in discharge voltage (with focus on 10 mg/s anode flow rate).
Higher-power conditions were mixed in with lower-power conditions, since the compact
LaB¢ cathode had difficulty sustaining the discharge at low power (< 2 kW) and required
intermittent heating at higher-power operating points. The high-power condition of 10.1
kW was tested last due to concerns of probe failure. Data collection for each operating

condition took approximately 30 minutes. The thruster was operated for approximately
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30 minutes at each operating condition prior to data collection to allow the discharge
current to settle. Thus, the total duration for the experiment was approximately 15 hours,

with the thruster operating almost continually.

Table 5-1. List of operating conditions tested using internal wall-mounted probes, spanning a wide
range of discharge voltages, mass flow rates, and discharge powers. Shaded operating conditions
represent the data presented in this work.

Discharge Anode Flow Rate Discharge Discharge Power Order of Data
Voltage [V] [mg/s] Current [A] [kW] Collection
150 5 3.4 0.52 14
150 10 8.9 13 3
150 20 21.4 3.2 2
150 30 35.7 5.4 10
200 5 35 0.71 13
200 10 8.9 1.8 4
250 5 3.8 0.94 12
250 10 8.7 2.2 5
300 5 4.1 1.2 11
300 10 8.7 2.6 6
300 20 20.1 6.0 1
300 30 338 10.1 15
400 10 8.8 3.5 7
500 10 9.0 4.5 8
600 10 9.2 55 9

While data were collected at all 15 operating conditions, various issues prevented
all the data from being presentable. Data at 300 V and 30 mg/s anode flow rate are not
included in this work due to probe failure in the middle of data collection. Data at 600 V
and 10 mg/s anode flow rate is also not included because the experimental apparatus was
only capable of probe biases up to 420 V (above ground). This maximum bias was
chosen to optimize voltage resolution at low and moderate discharge voltages, where
most of the data were collected. Thus, measured plasma potentials at 600 V were found
to be questionable due to the limitations of the measurement circuit. Finally, all data at 5
mg/s anode flow is not included due to low probe current signal, primarily affecting the

measured ion saturation current. Furthermore, data collection at 5 mg/s was difficult due
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to inherent thruster instabilities; this was likely caused by insufficient cathode heating at
such low discharge power.

Data from the nominal operating condition of 300 V and 20 mg/s anode flow rate
will be focused on within Chapter 5 and Chapter 6. The remaining operating conditions
will be included in Chapter 7 when discussing trends in incident ion power to the channel
walls. Additional data from these operating conditions can be found in Appendix B.

While data collected at the remaining nine operating conditions were found to be
presentable, certain issues with the wall-mounted probes found after the end of the test
are worth mentioning. In particular, signs of leakage current as well as probe degradation

are discussed below.

5.1.1 Leakage Current

The presence and effects of leakage current in wall-mounted probes has been
previously documented by Warner [17]. Due to the extreme environment the probe is
subjected to, insulation of the probe lead wires are prone to failure. While great care was
taken to properly insulate all lead wires, leakage current was found to occur with one of
the internal wall-mounted probes along the inner channel wall.

Leakage current occurs when current can be collected from the plasma along any
portion of the wire that is normally insulated. This usually results in extra electron
current being collected continually along the entire I-V characteristic, causing a reduction
in measured floating potential and ion saturation current. Figure 5-1 shows an example
of the signs of leakage current with a probe along the inner wall, when compared to an I-
V characteristic taken along the outer wall at the same axial location. The increased
electron current causes a significant reduction in measured ion current at low probe
biases, to the point where the data in the ion saturation branch of the I-V characteristic
can not be salvaged with any confidence.

The evidence of leakage current is further substantiated when comparing the
floating potential to other values measured along the channel wall. As discussed in
Section 7.2.2.1, the floating potential within the channel should follow a sigmoid function
when plotted against axial position. Figure 5-2 shows an example of measured floating
potential (with respect to ground) as a function of position, with the sigmoid fit included
for comparison. It is evident that the data point at z = -0.095 channel lengths is much
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lower than expected based on the sigmoid function, which fits the remaining data quite

well.
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Figure 5-1. Example of leakage current found with a probe along the inner wall at 300 V, 20 mg/s
anode flow rate. Compared to the outer wall, which should have similar properties, the floating
potential and ion current is reduced along the inner wall due to extra collected current.
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Figure 5-2. Measured floating potentials (with respect to ground) along the inner wall at 300 V and
20 mg/s anode flow rate. All data points fit the expected sigmoid function except for the point at z = -
0.095 channel lengths, which has a significantly reduced floating potential due to leakage current.

Despite the significant effects of leakage current on the measured floating
potential and ion saturation current, values of calculated electron temperature and plasma
potential were found to be largely unaffected by the increased electron current. This is
likely due to the fact that the ion saturation current and floating potential, found in a
region of the I-V characteristic where the probe current and the derivative (dl/dV) are

low, are very sensitive to small changes in current. On the other hand, the electron

80



temperature and plasma potential are measured in a region of the I-V characteristic that is
largely insensitive to small changes in current. Therefore, these quantities are presented
despite the presence of leakage current, while the floating potential and ion current
density are not.

5.1.2 Probe Degradation

The harsh environment of the channel, including exposure to fluxes of high-
energy ions and electrons, has the ability to degrade the probe over time. In particular,
sputtering of probe material can cause the probe to change shape and recede into the
channel wall. Figure 5-3 shows a microscope photograph of one of the internal wall-
mounted probe tips after the end of the test. The probe diameter is approximately 350
um. Portions of the probe have been preferentially sputtered away, leaving a tip that is
no longer flat.

Figure 5-3. Microscope photograph of an internal wall-mounted probe tip removed from the wall
after the end of the test. Preferential sputtering on one side has created a slanted surface such that
the probe tip is no longer flat.

Figure 5-4 shows a microscope photograph of an internal wall-mounted probe
prior to removal, after the end of test. The probe appears to be recessed within a pit
created by sputtering of surrounding wall material. This “pitting” phenomenon has been
documented previously by Szabo et al. [16]. Most of the probes within this study
exhibited some degree of pitting by the end of the test.
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Figure 5-4. Microscope photograph of an internal wall-mounted probe prior to removal, after the
end of the test. A portion of the wall surrounding the probe has been sputtered away, leaving the
probe within a “pit.”

The significant deterioration of the internal wall-mounted probes is likely the
result of extensive testing at high anode flow rates, discharge voltages, and discharge
powers. Despite this degradation, the calculated plasma parameters at operating
conditions near the end of the test (in particular, at 150 V and 30 mg/s anode flow rate)
still appear to be reasonable. There are two possible explanations for this observation.
The first is that most of the observed degradation occurred at the end of the test when
attempting to take data at 300 V and 30 mg/s anode flow rate, where probe failure
occurred due to extreme heat loading. Unfortunately, there is no way to discern whether
this is the case, since the probes were not inspected until the end of the 15-hour test. It is
recommended for future experiments involving internal wall-mounted probes that either
the test be completed in smaller time intervals with probe inspection occurring in
between, or having an in-situ apparatus available to closely monitor probe integrity
during the test.

The second explanation is that the probe degradation did not significantly affect
the data collection. This is possible if the degradation features are relatively small (less
than a few Debye lengths); they would then be “smoothed” out by the sheath boundary
(see Figure 5-5). Due to reasonable measured values of electron temperature, plasma
potential, and floating potential, and the independence of these values on the probe area,
no attempts were made to correct these data. The ion current density and corresponding

number density, however, are affected by the probe area, which could significantly
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change due to probe degradation. Since the probes were recessed within the wall and not
protruding out, the increase in probe area is not expected to be significant. Furthermore,
the sheath expansion characteristics around the probe are accounted for with the model
described in Section 4.2, and appear to reasonably correct the data. For these reasons, the

ion saturation current is not corrected for any changes in area due to probe degradation.

Sheath . Boundary

____________________ - [ ——

BN
Wall
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Wall

Figure 5-5. lllustration showing how the sheath boundary can smooth over features of degradation if
they are small (less than a few Debye lengths). Not to scale.

5.2  Prior Internal Measurements

Spatially-resolved distributions of plasma potential, floating potential, electron
temperature, and ion number density have been taken within the channel of the 6-kW
thruster by Reid [13]. Figure 5-6 shows the domain of these internal measurements with

respect to the thruster anode and channel walls.

| Outer wall | Axial “0”, thruster exit plane
s 26.0%)
-r------Measurement Domain -~
! I

Anode

| Inner wall | Radial “0", channel centerline

Figure 5-6. Schematic showing the measurement domain of prior internal measurements taken by
Reid. Corner coordinates are given in (z,r) format, with axial location in units of channel lengths and
radial location in units of channel widths. Not to scale.

Measurements of floating potential, electron temperature, and ion number density

were taken with a cylindrical Langmuir probe while plasma potential was measured with
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a floating emissive probe. All probes were mounted onto the HARP, and reciprocated in
the axial direction at several radial locations. Reid investigated numerous methods of
determining ion number density from the ion saturation current, including thin-sheath
approximations, orbit-motion-limited (OML) theories, and a blending method that
weight-averaged the thin-sheath and OML values based on a self-consistently calculated
Debye length. The densities determined from the blending method will be presented
here, since it yielded the most physically reasonable density distributions at nominal
conditions of 300 V and 20 mg/s anode flow rate.

In order to characterize the plasma near the channel walls, measurements from the
internal wall-mounted probes are compared to axial distributions at two different radial
locations: channel centerline, and the radial location closest to the channel wall. The
distribution along r = -0.4 channel widths will be referred to as the “bulk plasma inner
bound” while the distribution along r = 0.4 channel widths will be referred to as the “bulk

plasma outer bound.”

5.3 Comparison of Plasma Parameters

5.3.1 Plasma Potential

The local plasma potential distribution is an important parameter as it determines
the strength of the radial and axial electric fields that accelerate ions towards the wall.
Thus, these fields can greatly influence the energy and trajectories of ions that ultimately
determine the erosion rate of the dielectric wall. Figure 5-7 and Figure 5-8 compare axial
profiles of plasma potential at three different radial locations within the discharge
channel. The data corresponds to the nominal operating condition of 300 V and 20 mg/s
anode flow rate. All values reported are with respect to the cathode; plasma potentials
measured with respect to ground were corrected for the cathode-to-ground voltage,
typically around -10 V.

The acceleration zone corresponds to the region where the plasma potential
significantly drops, and occurs around the thruster exit plane. Upstream of this zone, the
plasma potential is uniform not only in the axial direction, but also in the radial direction,

with differences less than 5 V. It is interesting to note that this uniformity extends all the
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way to the channel walls. This indicates that there are negligible axial and radial electric

fields within the plasma for approximately 90% of the channel.
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Figure 5-7. Axial profiles of plasma potential at three different radial locations within the channel,
under the nominal operating condition of 300 V and 20 mg/s. The plasma begins to accelerate
further upstream when close to the channel wall.
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Figure 5-8. Axial profiles of plasma potential at three different radial locations within the channel,
under the nominal operating condition of 300 V and 20 mg/s. The plasma begins to accelerate
further upstream when close to the channel wall.

At both the inner and outer channel walls, the plasma begins to accelerate further
upstream than the bulk plasma. While this difference is only ~ 5% of the channel length,
the sharp drop off of the plasma potential in the axial direction creates significant
differences in the radial direction. Near the exit plane, these radial electric fields can
reach 40-50 V/mm, which are comparable to the axial electric fields set up within the

acceleration zone [13]. It is worth noting that this is a lower bound to the radial electric
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field, since the distance over which the measured potential difference occurs is uncertain
and could be smaller; larger electric fields could potentially exist closer to the channel
walls. These electric fields also appear to be restricted to 0.1 channel widths from the
walls, as the data taken within the bulk discharge do not indicate significant radial
electric fields.

Figure 5-9 compares the measured axial profiles of plasma potential between the
inner and outer channel walls at 300 V and 20 mg/s anode flow rate. While the plasma at
the outer wall begins to accelerate slightly upstream of the plasma at the inner wall, the
electric fields at both walls are roughly equal. The similarity between the inner and outer
wall is expected due to the symmetric magnetic field topology used throughout the study;
therefore, the magnetic field shape, which heavily influences the plasma potential
distribution, should be equivalent along the inner and outer channel wall.
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Figure 5-9. Comparison of axial plasma potential profiles between the inner and outer channel wall
near the thruster exit plane at 300 V and 20 mg/s. The plasma at the outer wall accelerates slightly
upstream of the plasma at the inner wall.

The relative locations of the acceleration zone between the walls and channel
centerline is unexpected given the “plasma lens” magnetic field topology. Along
magnetic field lines, the electron momentum equation is typically simplified by
neglecting inertial terms. Thus, in equilibrium, the electric field and electron pressure
forces are balanced and a relation can be derived between the plasma potential and the
plasma number density. Under assumption of constant electron temperature, this relation

is the well-known Boltzmann relation of thermalized potential [49]:
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p=¢ +T, In(nL] , (5-1)

0o

where Te is the electron temperature in eV, ¢ is the thermalized potential, n is the plasma
number density, and ¢, and ng are reference values. Therefore, along a magnetic field
line, the potential is typically constant to within an electron temperature. For this reason,
magnetic field lines are often considered to resemble equipotentials within the thruster.
Figure 5-10 shows the expected plasma potential profiles near the wall and at channel
centerline under this assumption. Due to the plasma lens configuration, the plasma
potential drop-off near the wall should occur downstream of the drop-off at channel
centerline. This would create radial electric fields pointed away from the thruster walls,
creating the ion focusing effect typical of plasma lens configurations. Furthermore, since
the same plasma potential drop occurs over a shorter axial range, the electric field is
expected to be stronger at the wall. Neither of these trends is noticed in the experimental
data of this study. For the 6-kW Hall thruster, the acceleration zone is close to the exit
plane, where the magnetic field lines are mostly radial; thus, these trends are not expected
to be highly defined. However, it will be shown in Chapter 6 that large plasma density
gradients between channel centerline and the wall cause significant deviations of
equipotentials from magnetic field lines, even when the Boltzmann relation is enforced.
The concept of the thermalized potential will be further discussed in Sections 5.3.2 and
5.3.3.
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Figure 5-10. Comparison of expected near-wall and centerline plasma potential profiles, assuming
magnetic field lines act as equipotentials. The acceleration zone near the wall moves downstream
and contains larger axial electric fields, creating radial electric fields away from the walls (plasma
lens topology).
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5.3.2 Electron Temperature

The electron temperature distribution within a Hall thruster discharge channel is
an important parameter that indicates the balance between energy gains via joule heating
and energy losses such as those from radiation, ionization, and to the channel walls.
Thus, this distribution dictates the levels of ionization within the channel; it also affects
the sheath potential distribution along the channel, both of which influence power losses
to the wall as well as erosion rates. Figure 5-11 and Figure 5-12 show comparisons of
axial distributions of electron temperature at various radial locations within the thruster
close to the exit plane. The data corresponds to nominal operating conditions of 300 V

and 20 mg/s anode flow rate.
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Figure 5-11. Comparison of axial profiles of electron temperature at three different radial locations,
under nominal operating conditions of 300 V and 20 mg/s. Peak electron temperatures are
comparable but occur slightly downstream close to the wall.
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Figure 5-12. Comparison of axial profiles of electron temperature at three different radial locations,
under nominal operating conditions of 300 V and 20 mg/s. Peak electron temperatures are
comparable at all radial locations.
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At both inner and outer channel walls, the peak electron temperature appears to be
consistent with measured values within the bulk plasma discharge. The location of this
peak is also roughly constant across all radial locations (within 2% of the channel length);
however, this location occurs slightly upstream of the acceleration zone in the bulk
discharge while occurring slightly downstream of the acceleration zone near the wall.
Given the general agreement between bulk plasma and near-wall measurements in terms
of both peak location and magnitude, it appears the isothermal approximation along
magnetic field lines is valid since they are nearly radial in this region. Also, since the
peak magnetic field occurs around the beginning of the acceleration zone near the exit
plane, this region (last 10% of discharge channel) is subject to large wall power losses
from high-energy electrons as well as high-energy beam ions.

Figure 5-13 compares the axial profile of electron temperature between the inner
and outer channel walls. As with prior results, the peak electron temperatures are highly
consistent across the channel, further validating the isothermal approximation along
magnetic field lines. The peak temperature along the outer wall appears to occur slightly
upstream of the peak along the inner wall, consistent with the acceleration zone locations
described in Section 5.3.1. A peak electron temperature of 35 eV, roughly 10% of the

discharge voltage, is consistent with prior internal measurements [11,13,38].
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Figure 5-13. Comparison of axial profiles of electron temperature between inner and outer channel
walls near the thruster exit plane at 300 V and 20 mg/s. Peak electron temperatures are consistent
between the two walls, with the peak along the outer wall occurring slightly upstream of the peak
along the inner wall.
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5.3.3 lon Number Density

The ion number density distribution along the channel walls of a Hall thruster is
directly proportional to the ion current density to the walls, which affects ion power
deposition and sputtering yields of wall material. Therefore, it is important to
characterize this distribution in comparison to the bulk plasma within the channel. In this
work, the ion number density at the wall was calculated using two different methods. For
both techniques, the ion current density was found using the model described in Section
4.2.4. The first method assumes that the ions enter the sheath at the Bohm velocity,

calculated using the local electron temperature:

ji =en, - (5-2)

It should be noted that the calculated ion number density is at the sheath edge; this is due
to the relatively large presheath lengths expected within the channel, which make it
unphysical to calculate a “bulk plasma” ion density beyond the theoretical presheath
boundary. Based on the reported +40% uncertainty in ion current density and +15%
uncertainty in electron temperature, the calculated uncertainty in the number density with
this method is +47.5%. The second method takes into account that ions may enter the
sheath supersonically when the acceleration zone is reached. Thus, the ion current is
taken to be comprised of a beam entering the sheath with a velocity greater than the

Bohm velocity:

J,=enu, =en,

L (5-3)

The normal velocity, u , is calculated using the corresponding normal energy, ¢ , which

is determined using analysis techniques described in Section 8.2. If no normal energy is
detected, Eq. (5-2) is used to determine the ion number density. Given a calculated
uncertainty in the measured normal energy of £40%, the uncertainty in number density
with this method is +60%.

Figure 5-14 and Figure 5-15 show the calculated ion number density axial profiles
at several different radial locations within the 6-kW Hall thruster operating at 300 V and
20 mg/s anode flow rate. The data at z = -0.095 channel lengths along the inner wall are
not included due to the probe at that location showing signs of leakage current (see
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Section 5.1.1 for details). The increased electron current to the probe significantly
decreased the measured floating potential and ion current, but did not appear to greatly
affect the measured electron temperature and plasma potential. Thus, the data from this
probe was reported in previous axial profiles but not in the ion density profiles below.
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Figure 5-14. Comparison of axial profiles of ion number density at three different radial locations,
under nominal operating conditions of 300 V and 20 mg/s. Near the exit plane, the difference
between the plasma at centerline and at the wall can approach an order of magnitude.
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Figure 5-15. Comparison of axial profiles of ion number density at three different radial locations,
under nominal operating conditions of 300 V and 20 mg/s. Near the exit plane, the difference
between the plasma at centerline and at the wall can approach an order of magnitude.

Along both the inner and outer channel walls the ion number density is lower than
within the bulk plasma. Indeed, prior measurements indicate a decrease in density even
from channel centerline to the bulk plasma boundaries. Before the plasma accelerates,

this decrease is limited to a factor of 2-3X; however, within the acceleration zone near the
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exit plane this decrease can approach an order of magnitude (see Table 5-2). It is worth
noting that, as expected, the two methods of calculation yield identical answers before the
plasma reaches the acceleration zone. Once the plasma accelerates, the ions begin to
enter the sheath supersonically, causing the Bohm approximation to differ from the beam

calculation by roughly a factor of two.

Table 5-2. Comparison of number densities along the walls to those along channel centerline at 300 V
and 20 mg/s. Reported values use the beam-calculated number density, and location is in units of
channel lengths from the thruster exit plane.

Location Nyan/Neentertine (INNEr wall) — Nyai/Neentertine (Outer wall)
z=-0.143 0.98 0.55
z=-0.095 N/A 0.39
z=-0.071 0.36 0.16
z=-0.048 0.52 0.088
z=-0.024 0.17 0.12

Figure 5-16 compares the axial profiles of ion number density between inner and
outer channel walls. The measured plasma density is consistently higher along the inner
wall, with differences of approximately 1.5-2X before the plasma accelerates. This
difference diminishes as the exit plane is approached, and the plasma becomes more
symmetric about the channel centerline. The difference between inner and outer channel
walls is surprising given the symmetric magnetic field topology used in this study.
However, slight asymmetries have already been shown to exist in electron temperature
and plasma potential that could influence (or have been influenced by) the differences in

plasma density.
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Figure 5-16. Comparison of calculated ion number densities along the inner and outer channel walls,

under nominal operating conditions of 300 V and 20 mg/s. The density along the inner wall is
consistently higher than along the outer wall, with this difference diminishing near the exit plane.
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In order to test the validity of Boltzmann’s relation of thermalized potential
introduced in Section 5.3.1, Eq. (5-1) was used to determine the plasma number density
along the channel walls. Magnetic field lines were traced from the locations of the
internal wall-mounted probes to channel centerline, and values of plasma potential, ion
number density, and electron temperature were found at these locations from prior
internal measurements by Reid [13]. The magnetic field lines were taken from
simulations of vacuum conditions performed in MagNet. These values were then used
with the measured plasma potentials in this study to determine the expected ion number
density along the walls. The electron temperature used was an average between the
electron temperature measured at the wall and at channel centerline along the same
magnetic field line.

Figure 5-17 shows the comparison of axial profiles between measured values of
ion number density and those calculated using Boltzmann’s relation. The thermalized
potential assumption appears to overestimate the density near the wall prior to plasma
acceleration, while underestimating it once the plasma accelerates. The plasma density is
overestimated before the acceleration zone because the measured plasma potential at the
wall was higher than within the bulk discharge by a few volts (likely due to measurement
uncertainty). Due to the low electron temperature within this region, a few volts create a
significant plasma density difference, illustrating the sensitivity of Boltzmann’s relation.
The large radial electric fields created within the acceleration zone, caused by the plasma
accelerating further upstream close to the wall, are responsible for the significant density
drop. It is uncertain whether this is an indication that Boltzmann’s relation is invalid
within the thruster or the simulated magnetic field topology differs from the true
magnetic field during operation. However, given the measurement uncertainty and the
sensitivity of Boltzmann’s relation, only minor deviations could cause the trends
observed in Figure 5-17. Such minor deviations have been found in studies by Ngom

using Zeeman-split laser induced fluorescence spectra [71].
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Figure 5-17. Comparison of measured axial profiles of ion number density to those calculated using
Boltzmann's relation of thermalized potential at 300 V and 20 mg/s. The calculated values appear to
overestimate the plasma density prior to acceleration and underestimate it after acceleration.

5.4 Electron Energy Distribution Functions

The electron energy distribution function (EEDF) is a critical quantity in Hall
thrusters, as it describes how energy is distributed within the electron population; thus,
the EEDF heavily influences ionization and wall losses, and can provide insight into how
the electrons in the discharge are interacting with particles, fields, and the walls. For this
reason, EEDFs were measured along the channel walls using internal wall-mounted
probes. A smoothed second derivative of the Langmuir probe I-V characteristic was used
to determine the EEDF along with the Druyvesteyn formula [49,72]:
2m (26¢p]% d?l,
Al m ) dg’
In Eq. (5-4), ¢, is the probe bias with respect to the local plasma potential, and the rest of

f(s)de = (5-4)

the symbols have their usual meaning. Smoothing techniques are identical to those
described in Section 4.3.2.

Distribution functions within the channel are first presented and compared to
Maxwellian distributions based on the measured local electron temperature. The
structure of the EEDF is then investigated using several distribution functions that are

based on physical processes within the discharge.
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5.4.1 Measured Distributions along the Channel Wall

Since many of the measured EEDFs share a similar structure, only a few
representative distributions are presented here. Figure 5-18 through Figure 5-20 show
measured EEDFs along the walls at various axial positions within the channel, at the
nominal operating condition of 300 V and 20 mg/s anode flow rate. The Maxwellian
distribution based on the measured electron temperature is shown for comparison. All
distributions are normalized such that the integral over all energies is unity.

Regardless of whether the plasma is within the ionization or acceleration zone, the
EEDF is not consistent with the assumed Maxwellian distribution. Atz =-0.143 channel
lengths, prior to plasma acceleration, the distribution of energies is close to the
Maxwellian distribution but is shifted towards slightly higher energies. Once the plasma
has accelerated, the EEDF does not resemble the assumed Maxwellian distribution at all
and is shifted towards significantly higher energies. In order to characterize this shift, an

effective electron temperature is defined using the measured EEDF [49]:

T, = §<5> = %]: f (g)dg : (5-5)

This definition is based off the fact that the average energy for a Maxwellian distribution
is (3/2)Te.
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Figure 5-18. Measured EEDF at -0.143 channel lengths along the outer wall, under nominal
operating conditions of 300 V and 20 mg/s. The Maxwellian distribution based on the measured
electron temperature (14 eV) is included for comparison. Distributions are normalized such that
their integrals are unity.
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Figure 5-19. Measured EEDF at -0.071 channel lengths along the inner wall, under nominal
operating conditions of 300 V and 20 mg/s. The Maxwellian distribution based on the measured
electron temperature (36 eV) is included for comparison. Distributions are normalized such that
their integrals are unity.
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Figure 5-20. Measured EEDF at -0.024 channel lengths along the inner wall, under nominal
operating conditions of 300 V and 20 mg/s. The Maxwellian distribution based on the measured
electron temperature (26 eV) is included for comparison. Distributions are normalized such that
their integrals are unity.

Table 5-3 compares the measured electron temperatures to the effective electron
temperatures calculated from the EEDFs at nominal conditions of 300 V and 20 mg/s. As
illustrated before, prior to the acceleration zone the measured EEDF is similar to the
assumed Maxwellian distribution, and the measured and effective electron temperatures
are nearly identical. However, once the acceleration zone is reached, this agreement is

gone and the effective temperature is 1.5-2X greater than the measured temperature.
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Table 5-3. Comparison of measured values of electron temperature to those calculated using the
measured EEDF at 300 V and 20 mg/s. Prior to acceleration, these values are nearly the same, but
within the acceleration zone the effective electron temperature is much higher.

Location Measured T, [eV] Calculated T Ratio (Teer/Te)
[eV]
Inner wall, z = -0.143 9.7 11 1.1
Inner wall, z = -0.095 26 27 1.0
Inner wall, z = -0.071 36 64 1.8
Inner wall, z = -0.048 35 58 1.7
Inner wall, z = -0.024 26 52 2.0
Outer wall, z=-0.143 14 14 1.0
Outer wall, z = -0.095 35 31 0.9
Outer wall, z =-0.071 27 57 2.1
Outer wall, z =-0.048 21 44 2.1
Outer wall, z = -0.024 28 42 15

This distinction is further illustrated in Figure 5-21, which compares EEDFs at various
axial locations along the inner channel wall. Upstream of the acceleration zone (z = -
0.143), the electrons are highly concentrated at low energies due to low temperature and
near-Maxwellian structure. Once the acceleration zone is reached, the electrons heat up

significantly and obtain energies several times higher than in the region upstream.
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Figure 5-21. Comparison of EEDFs at various axial locations along the inner channel wall, under
nominal conditions of 300 V and 20 mg/s. Distributions are normalized such that their integrals are
unity.
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The non-Maxwellian structure of the measured EEDF is somewhat surprising due
to the fairly linear transition region of the Langmuir probe I-V characteristic, whose slope
is used to determine the electron temperature. However, a linear transition region does
not necessarily indicate that the electron population is Maxwellian [48]. Figure 5-22
shows a typical semi-log plot of an I-V characteristic taken within the acceleration zone
inside the channel under nominal operating conditions. While most of the transition
region (below the plasma potential) is fairly linear, there is a non-linear section as well,
where the collected electron current is less than expected. This region just below the
plasma potential contains probe biases that should allow collection of low-energy
electrons; the reduction in collected current is an indication that there are fewer low-
energy electrons than expected, as evidenced by the EEDF. Had the distribution been
Maxwellian, the linear section would continue to the plasma potential; this also explains
why the linear intersection method of determining plasma potential consistently

underestimated plasma potentials in this region (see Section 4.3.5).
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Figure 5-22. Example of a semi-log plot of an I-V characteristic taken within the acceleration zone
inside the channel at 300 VV and 20 mg/s. The transition region is composed of a linear and non-linear
section. Electron current is less than expected near the plasma potential, where low-energy electrons
should be collected.

5.4.2 Derivation of Potential Electron Distribution Functions

Measured EEDFs within the Hall thruster discharge channel have shown that the
structure deviates from the assumed Maxwellian distribution function based on the
measured electron temperature. In order to better understand the cause of this deviation,
several energy distribution functions are derived and compared to the measured EEDFs.

98



These distributions are based on physical mechanisms that are expected to occur within
the channel. Five functions are presented here: a generalized Maxwellian distribution, a
Druyvesteyn distribution, a Maxwellian with an energy shift, a Maxwellian with a
velocity shift, and an anisotropic Maxwellian distribution.

The Maxwellian distribution is expected when collisions between particles in a
stationary gas occur often enough that an equilibrium energy distribution is fully reached.
Due to its frequent use, it will not be derived here but merely presented in general form:

f(e)de = AT, 257 exp(— Ting, (5-6)

e

where A and T, are left as fitting parameters.

The Druyvesteyn distribution [73] is expected when particles within a steady
electric field undergo elastic collisions with the neutral background. As such, this
distribution is encountered frequently in low-pressure plasma discharges; due to its

frequent use, it will not be derived here but only presented in general form:

f(g)ds = ATe_%g% exp(— B(Tij ]dg : (5-7)

where A, T¢, and B are left as fitting parameters.

The large radial electric fields measured near the channel wall in this work could
produce an energy shift in an otherwise Maxwellian distribution if the electrons climb the
potential hill without collisions to reach the wall. If this shift is in the z direction (this is
chosen to simplify the resulting calculation, and does not necessarily correlate with the

axial direction of the thruster coordinate system), then

v, =v,” +(av), (5-8)
Since the number of particles with velocity vo should be the same number of particles
with velocity v after the energy shift, then f(vo)dvo = f(v)dv in the z direction. Using f(vo)

as a Maxwellian velocity distribution, this makes the velocity distribution with an energy
shift

¥ 2
m m(Av m
f(v,,v,,v,)dv,dv dv, = (Zﬂk—T) exp(— %] exp( T (v +V, L v, ))

————dv, dv dv,.

(v +Av)y
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Converting to spherical coordinates and integrating over all angles gives the speed

distribution function

% 2 2
f(U)du = Zﬂ(l} exp(— M}U exp(— ﬁj
27T 2kT 2kT (5-10)
((U 2+ (Av)z)% - Avde .

Given the energy ¢ = %smU?, and defining Ae = %m(4v)?, the final energy distribution

5 Y
f(&‘)df}:%%exp(_g—; TMJU&I TAgj _(ﬁ_ﬁj Jdg, (5-11)

Putting this function in general form and converting to units of eV gives

b b
f(e)de = Tﬁexpl— id ;Ag ][Eg ?AEJ - (%] }de , (5-12)

where A, Te, and e are left as fitting parameters.

function is

Electron movement can be highly complex due to the electric and magnetic fields
within the Hall thruster channel. One aspect of this movement can be drift velocities of
the guiding center of gyroscopic motion. If this drift velocity, 4v, is in the z direction,
then the velocity distribution function can be written as

%
f(v,,v,,v, Jdv,dv,dv, = (%} 2 exp(—%( JHv + (v, +Av) )jdvxdvydvz . (5-13)

Converting to spherical coordinates and integrating over all angles gives the speed
distribution:

% 2 2
f(u)duzi( m j exp[—mju exp(—ﬂjsinh(mum’jdu. (5-14)

AV \ 27KT 2kT 2KT KT
Given the energy ¢ = ¥.mU?, and defining Ae = %Am(4v)?, the final energy distribution

% b
B 1 _E+As) (eAg)
f(s)de = (ﬂkTAg] exp( - jsmh[Z—kT Jde. (5-15)

Putting this function in general form and converting to units of eV gives

% %
f(g)dg:A( L ] exp(—ﬂ]sinh{ZMJda (5-16)
T Az T T

where A, T¢, and A¢ are left as fitting parameters.

function is
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Since electrons within the discharge gain their energy from the axial electric field,
the temperature normal to the magnetic field lines is typically higher than the temperature
parallel to them, leading to anisotropy of the energy distribution function [9,68]. In order
to maintain a relatively simple analytical form while still investigating the effects of

anisotropy, it is assumed that

T, =T, (5-17)
where ( is a proportionality constant. If the z direction is taken to be parallel to the
magnetic field, then the velocity distribution function is

% 2 2 2
f(Vx,V Vv, )dVde dv, = m m exp| — mv,” m(vy +V, )
y y 27KT, 27T, 2KT, 2KT, (5-18)

dv,dv,dv,.
Using Eq. (5-17) to eliminate the temperature normal to the field lines, the velocity

distribution function becomes

1( m &
f (vx VY, )dvxdvydvz = Z [—j

exp _l sz 1_1 +£(VX2-|—V 2—I—VZZ) dVXdV dVZ-
2KT, ¢) ¢ ’ y

Converting to spherical coordinates and integrating over all angles gives the speed

(5-19)

distribution:
%
f (U )du :i(l] U’ exp(— UCK ]erf (a)dU, (5-20)
o | 2KT, 2k¢T,
where a is defined by
, mu? 1
© T, (“ZJ | &)

Given the energy ¢ = ¥2mU?, the final energy distribution function becomes

%

1 1 g & 1

f(g)dgg(llj%ﬂex"(m]e” [
4

Putting this function in general form and converting to units of eV gives
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-
¢

where A, T, and (are left as fitting parameters.

Y
A 1 & & 1
de=—— —exp| ——lerf| | =[1-=|| |de,
fewe c( 1]% T ex‘{ m}” [T" (1 :D ’ (5-23)

Figure 5-23 compares the structure of these five distributions: pure Maxwellian,
Druyvesteyn, Maxwellian with energy shift, Maxwellian with velocity shift, and
Maxwellian with anisotropy. The distributions are normalized such that the integral over
all energies is unity, and are plotted as a function of non-dimensionalized energy. For the
distributions shown in Figure 5-23, B=1 for the Druyvesteyn distribution, T; = T, and { =
3 for the Maxwellian with anisotropy, and Ae = 2T, for the Maxwellians with energy shift
and velocity shift. In the following section, these fits will be used to determine the source

of the measured EEDF structure, and resulting implications will be discussed.
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Figure 5-23. Comparison of various potential electron distribution functions within the channel of a
Hall thruster. Distributions are normalized such that their integrals are unity.

5.4.3 Implications of the Measured EEDF Structure
Distribution functions discussed in Section 5.4.2 were fit to measured EEDFs

along the channel walls in order to determine the source of the observed non-Maxwellian
structure. The Maxwellian distribution with a velocity shift was found to best fit the
observed distributions. Figure 5-24 and Figure 5-25 show comparisons of the measured
EEDF to the curve fit of a Maxwellian with a velocity shift at two axial locations along

the inner wall, under nominal operating conditions of 300 V and 20 mg/s anode flow rate.
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Figure 5-24. Comparison of the measured EEDF to the curve fit of a Maxwellian with velocity shift,
at z = -0.143 channel lengths along the inner wall, under nominal operating conditions of 300 V and

20 mg/s.
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Figure 5-25. Comparison of the measured EEDF to the curve fit of a Maxwellian with velocity shift,
at z = -0.048 channel lengths along the inner wall, under nominal operating conditions of 300 V and

20 mg/s.

It is evident that this distribution provides an excellent fit to observed EEDFs

along the channel wall.

However, since the electron temperature was left as a fit

parameter, it was found that the corresponding values to the curve fit do not match well

with measured values. Table 5-4 compares the measured electron temperature to those

found using the Maxwellian with velocity shift. The corresponding velocity shift fit

parameter is included for completeness.

It is evident that while the measured and

calculated values of electron temperature share the same trend with axial location, the

values determined from the curve fit are significantly lower. This indicates that the large
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energies seen in the measured EEDFs are primarily due to large drift velocities of the
electrons, and that the population may be much colder than observed using simple
Langmuir probe theory. Since the measured electron temperature came from only a
portion of the transition region of the Langmuir probe characteristic, it is possible that the
high-energy tail of the electron population mimics a Maxwellian distribution at higher

temperatures.

Table 5-4. Comparison of measured values of electron temperature to values determined by the
EEDF through distribution curve fitting using a Maxwellian with a velocity shift. The corresponding
velocity shift is included for completeness.

Distribution Curve Fit Parameters

Location Measured T, [eV] Te [eV] Velocity Shift [m/s]
Inner wall, z = -0.143 9.7 2.1 2.1x10°
Inner wall, z = -0.095 26 4.4 2.6 x 10°
Inner wall, z = -0.071 36 18 5.0 x 10°
Inner wall, z = -0.048 35 11 5.0 x 10°
Inner wall, z = -0.024 26 8.1 4.8 x 10°
Outer wall, z = -0.143 14 2.4 2.2 x10°
Outer wall, z = -0.095 35 6.5 2.8 x 10°
Outer wall, z = -0.071 27 9.8 5.0 x 10°
Outer wall, z = -0.048 21 8.9 4.4 x10°
Outer wall, z = -0.024 28 7.0 4.4 % 10°

The corresponding velocity shifts seen in Table 5-4 could be due to numerous
physical phenomena in the Hall thruster discharge channel. Table 5-5 gives a few
examples of the possible electron velocity drifts [49] within the channel, along with
representative values calculated near the thruster exit plane. These values were found to
be consistent with those calculated by Linnell within the NASA-173Mv1 [11]. Many of
these drifts are variations of the generalized drift that occurs when a force acts
perpendicular to an applied magnetic field:

g _FxB
eB
The well-known E x B drift, responsible for the electron Hall current within the

(5-24)

discharge, is an azimuthal drift velocity primarily created by the axial electric field and
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radial magnetic field. Gradient “grad B” drift and curvature drift are created due to the
non-uniformity and curvature of the magnetic field, respectively. Finally, polarization
drift is caused by a slowly-varying electric field within a static magnetic field. For this
calculation, the electric field was assumed to oscillate between the steady state value and
zero on a timescale determined by the breathing mode frequency, which is approximately
10 kHz. This is considered an upper bound on the possibility of an oscillating axial
electric field; even with this assumption, the polarization drift velocity is shown to be

negligible in Hall thrusters.

Table 5-5. Possible sources of drift velocity for electrons within the Hall thruster channel and
calculated typical values.

Type of Drift Typical Values [m/s]
E x B drift 1.3x10°-8.6 x 10°
Gradient (Grad B) drift 9.5 x 10°
Curvature drift 9.5 x 10°
Polarization drift 6.5

It is evident from Table 5-5 that the only drift velocity of the correct order
magnitude to explain the EEDF structure is the E x B drift. The values reported take into
account the drift caused by axial electric and radial magnetic fields, as well as radial
electric and axial magnetic fields close to the wall. Regardless, this drift is expected to
occur in the azimuthal direction, making it unlikely that it was detected by the internal
wall-mounted probes. While it is possible that components of the drift velocity occur in
the radial direction, further studies are required to verify this finding.

Due to the radical differences between the results from the measured EEDFs and
traditionally-determined electron temperatures, along with the inherent uncertainty
associated with the EEDF measurement, remaining analyses will not attempt to take into
account the reduced electron temperature and drift velocity implied by the EEDF
structure. While these measurements are promising, further investigations are warranted

to fully understand the energy distribution among electrons within the channel.
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5.5 Summary

This chapter presented the measured plasma potential, electron temperature, and
ion number density along the inner and outer channel walls near the thruster exit plane at
300 V and 20 mg/s anode flow rate. Comparison of these results to prior internal
measurements [13] show that the plasma accelerates further upstream when close to the
wall. This difference in acceleration zone location creates significant radial electric fields
close to the walls that are of similar magnitude to the axially-generated electric fields.
The cause of this phenomenon appears to be large plasma density gradients between the
walls and channel centerline. The electron temperature was found to peak near the
beginning of the acceleration zone, at a value of approximately a tenth of the discharge
voltage, consistent with prior measurements.

Measured electron energy distribution functions (EEDFs) along the channel walls
indicate a structure that is not consistent with the assumed Maxwellian distribution and
the measured electron temperature. It was found that the EEDF most closely resembles a
drifting Maxwellian distribution, with a much lower electron temperature and a drift
velocity on the order of the local E x B velocity. This deviation from a Maxwellian
distribution was found to be very significant within the acceleration zone of the
discharge. The measured distribution functions indicate that simple measurements of
electron temperature may provide artificially high values, with most of the electron

energy coming from a large drift velocity.
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Chapter 6

Thruster Simulations Using HPHall-2

This chapter details pertinent computational results of the 6-kW Hall thruster
operating at nominal conditions of 300 V and 20 mg/s anode flow rate. The simulation
program used is the hybrid-PIC Hall thruster code HPHall-2, heavily modified by the Jet
Propulsion Laboratory (JPL). A brief summary of HPHall-2 is first provided, followed
by axial profiles of various plasma parameters. Plasma potential, electron temperature,
and ion number density are compared between channel centerline and the inner and outer
walls in an effort to characterize the near-wall plasma, similar to Chapter 5. The
computational results are then compared to experimental data taken with the internal
wall-mounted probes. This was done to validate the simulation and experimental results,

as well as better understand the source of the trends observed in Chapter 5.

6.1 General Overview of Hybrid-PIC code

HPHall-2 is a hybrid-PIC program capable of simulating the internal and near-
field plasma physics of Hall thrusters as well as calculating performance and erosion
characteristics under various geometries and operating conditions. The original program,
HPHall, was developed by Fife [74] in the late 1990s during his time at the
Massachusetts Institute of Technology (MIT) and later at the Air Force Research
Laboratory (AFRL). Numerous improvements were made by Parra et al. [75] in 2006,
producing a new version of the code called HPHall-2. Since then, JPL has made
additional improvements to the plasma-wall physics, handling of multiply-charged
species, and electron mobility models, and has built an entirely new erosion submodel
[27,67,69,76,77].

HPHall-2 is a two-dimensional code in cylindrical (r-z) geometry, as any

variations in the azimuthal direction are neglected. Heavy species (ions and neutrals) are
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handled using particle-in-cell (PIC) methods, while the electrons are treated as a fluid.
The magnetic field configuration is assumed to be static and is imported into the program
prior to any computational run. Figure 6-1 shows a typical domain space and mesh
within HPHall-2. The entire channel along with a portion of the near-field plume is
included in the simulation domain. The mesh size is made larger than a Debye length,
such that quasi-neutrality may be invoked in the entire domain. While this significantly
reduces computational expense, it prevents HPHall-2 from simulating the sheaths formed

along the channel walls, which are inherently non-neutral.

z

Figure 6-1. Example of a typical domain space and mesh within HPHall-2, including the channel and
near-field plume.

Simplifying models are used along magnetic field lines that allow the code to
effectively solve the governing equations in a quasi-one-dimensional manner. Due to the
high plasma conductivity along magnetic field lines compared to across them, these lines
are assumed to be isothermal for electrons; Boltzmann’s relation (see Eq. (5-1)) is then
used to relate the particle density to the electric potential along each field line. Thus,
Ohm’s law and current continuity only have to be solved between magnetic field lines.

Heavy particles are handled using the computational cycle shown in Figure 6-2.

The electron equations are solved on the computational grid on a much faster time scale
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than the heavy species. The equations of motion are used with the electric and magnetic
fields at time t to move the heavy particles over the time step At. The species’ densities
and velocities are then weighted to the grid using a standard bilinear weighting scheme.
The field equations are then solved on the grid using the species’ densities and velocities
and weighted back to the particle positions, such that the particles may be tracked
through the next time step. Particle positions and velocities are solved using a standard

leap-frog method where the velocities are solved every half time step (see Eq. (4-9)).

Integration of equation of motion
for heavy species

Weight resulting field Computational ; Weight %articlzle_ _
back to particle positions ensities and velocities
P P CyCIe to the grid

Integration of field
equations on the grid

Figure 6-2. Computational cycle used to track heavy particle species within HPHall-2.

Due to the quasi-neutral assumption, sheaths along the wall cannot be resolved
and are solved for analytically. The sheath potential is modeled using the Hobbs and
Wesson solution of space-charge-limited emission, discussed in Section 4.5.3. Since ion
motion is determined by the electric fields, the Bohm sheath criterion cannot be
guaranteed at the wall boundaries on a coarse grid. Parra et al. solved this problem by
employing a Bohm-condition forcing algorithm within HPHall-2 [75], which was later
modified by Hofer et al. [69]. This algorithm determines the plasma number density at
the wall boundary by dividing the calculated ion flux normal to the wall by the local
Bohm velocity:

I

Hwall _ iwall

S (6-1)
Mi

e
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This allows ions to approach the wall at the Bohm velocity and has been shown to work

well even on coarse meshes.

6.2 Baseline Simulation Results

HPHall-2 was used to simulate the steady-state plasma properties within the
channel of the 6-kW Hall thruster under nominal operating conditions of 300 V and 20
mg/s anode flow rate. A three-region electron mobility model developed by Hofer et al.
[27] was used within the simulation, and charge-exchange (CEX) collisions between ions
and neutrals were neglected. The grid geometry was altered to match the chamfer present
in the erosion rings used in the experimental study. A neutrals-only simulation was first
run for 20,000 iterations with a time step At =5 x 10® s in order to fill the channel with
neutrals before any plasma was generated. The plasma was then “turned on” for 10,000
more iterations to simulate thruster startup. Finally, the plasma was left on for an
additional 20,000 iterations with full collisionality to obtain the steady-state plasma
solution. Table 6-1 compares resulting performance values between simulation and

experiment, showing excellent agreement between the two.

Table 6-1. Comparison of measured and simulated values of performance at the nominal operating
condition.

Discharge Property Measured Value Simulated Value
Discharge Voltage [V] 300 300
Anode Flow Rate [mg/s] 20 20
Discharge Current [A] 20.1 20.1
Thrust [mN] 385 388
Anode Efficiency 0.614 0.624

6.2.1 Plasma Potential

Axial profiles of the plasma potential at channel centerline and along each
channel wall are shown in Figure 6-3. At all locations, the acceleration zone begins
within the last 10% of the channel; acceleration occurs slightly upstream along the walls
compared to channel centerline. Despite the difference in acceleration zone location, the
maximum axial electric fields are roughly the same across the channel. Furthermore, the

plasma potential always remains lower along the walls compared to channel centerline;
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this indicates the presence of radial electric fields directed towards the wall, which would
tend to defocus the ion beam. Figure 6-4 shows the complete plasma potential contour
map, along with overlaid ion velocity vectors within the channel. It is evident that
equipotentials tend to curve upstream close to the walls; thus, while the ion beam is
primarily axial for most of the channel, the ions defocus close to the wall and obtain
significant radial velocities. This defocusing effect would heavily influence the ion

power to the wall as well as local erosion rates near the thruster exit plane.
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Figure 6-3. Comparison of axial profiles of plasma potential at channel centerline and along the
channel walls. The acceleration zone occurs slightly upstream along the walls compared to channel
centerline.
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Figure 6-4. Contour map of plasma potential within the thruster channel. lon velocity vectors are
overlaid on the map to indicate how the electric fields affect the ion motion. Significant radial
velocities exist near the wall where radial electric fields defocus the beam.
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It is interesting to note that despite the use of the Boltzmann relation in HPHall-2,
the equipotential lines have the opposite curvature to those of the plasma lens topology
within the thruster channel. Based on Eg. (5-1), significant deviation of equipotentials
from magnetic field lines would only occur in the presence of large differences in plasma
density, or a large electron temperature with small differences in plasma density. While
the electron temperature can approach large values near the thruster exit plane, it will be
shown in Section 6.2.3 that large radial gradients in plasma density are the likely cause of
the defocusing electric field near the channel walls.

6.2.2 Electron Temperature

Axial profiles of electron temperature within the channel are shown in Figure 6-5.
Electron temperature peaks in the region where the acceleration zone begins, close to the
thruster exit plane. The peak electron temperature within the channel was found to be
roughly 10% of the discharge voltage, consistent with prior internal measurements
[10,11,13]. While the plasma is hotter along centerline for most of the channel, electron
temperature peaks at nearly the same value and location near the exit plane. This trend is
due to the isothermal assumption along magnetic field lines. Figure 6-6 shows the full
contour map of electron temperature within the channel. Due to the plasma lens
curvature of the magnetic field lines, the electron temperature along the wall will
typically be lower than at centerline at a given axial location since it connects to a
location further upstream along channel centerline where the plasma is colder. Near the
exit plane, however, the magnetic field lines are nearly radial; thus, electron temperature
IS much more consistent across the channel.

The concentration of high electron temperature near the thruster exit plane can
have a significant impact on various plasma properties in this region. For instance, based
on the sheath potential model described in Section 4.5.3, these high electron temperatures
can push the wall sheaths into a space-charge-limited regime due to prolific secondary
electron emission. In this regime, sheath potentials are reduced to one electron
temperature; thus, the sheaths lose much of their insulating capability, and electron wall
losses significantly increase. Furthermore, based on the Boltzmann relation (see Eq.
(5-1)), a high electron temperature can cause large deviations of equipotentials from
magnetic field lines even if there are only small changes in plasma density; however, this
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deviation was observed to occur over a larger axial range than the region of high electron

temperature. Thus, it is likely that the elevated electron temperatures near the exit plane

are only partly
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r. While the plasma is hotter at channel centerline for most of the channel, the

maximum electron temperature occurs at roughly the same axial location near the exit plane.
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Figure 6-6. Contour map of electron temperature within the channel. Lines of constant electron
temperature follow magnetic field lines, while maximum electron temperature occurs near the exit
plane where the magnetic field lines are nearly radial.
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6.2.3 lon Number Density

Axial profiles of the ion number density at channel centerline and along the walls
are shown in Figure 6-7. Since HPHall-2 tracks singly-ionized and doubly-ionized xenon
separately, the two values were added to obtain the total ion number density. Several
features are immediately evident from the axial profiles. First, the ion densities along the
channel wall are significantly lower than at channel centerline, with peak values differing
by a factor of four (inner wall) to six (outer wall). This large difference in density is the
primary reason for the deviation of equipotentials from magnetic field lines observed in
Section 6.2.1. The disparity is significant enough to defocus the ion beam near the walls

despite the plasma lens magnetic field topology.
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Figure 6-7. Axial profiles of ion number density at channel centerline and along the walls of the 6-kW
Hall thruster. The plasma density is substantially lower close to the walls, and peak density occurs
downstream of the peak location along channel centerline.

It is also evident that the peak ion density along the walls occurs further
downstream than the peak along channel centerline. Figure 6-8 shows the ion number
density map within the channel, which indicates that most of the plasma is contained
within the center half of the channel (away from the walls) until the plasma density
reaches a maximum; downstream of this point, significant ionization begins to occur near
the walls. A possible reason for this difference in location is the isothermal behavior of
the magnetic field lines. With the plasma lens topology, electrons near the wall gain
sufficient energy to ionize xenon downstream of where electrons gain this energy at
centerline. For example, the axial location where electrons first reach a temperature of

12.1 eV (first ionization potential of xenon) is z = -0.234 channel lengths along channel
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centerline, while along the inner wall it is z = -0.154 channel lengths and along the outer
wall it is z = -0.139 channel lengths. These locations roughly coincide with the locations

of maximum plasma density.
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Figure 6-8. Contour map of the ion number density within the channel of the 6-kW Hall thruster.
lon density is 4-6X lower along the walls, with maximum densities occurring significantly
downstream of the peak density along channel centerline.

Lastly, it is interesting to note that the peak ion density is slightly higher and
occurs further upstream along the inner wall compared to the outer wall. This is due to
the elevated electron temperatures along the inner wall upstream of the acceleration zone.
Figure 6-9 shows a contour map of the local ionization rate within the channel, indicating
higher rates occurring along the inner wall compared to the outer wall. Since the neutral
number density was not found to vary significantly between inner and outer walls, the
elevated ionization rates are attributed to higher electron temperatures along the inner
wall occurring further upstream than along the outer wall. Thus, electrons along the inner
wall have sufficient energy to ionize xenon over a wider axial range than along the outer
wall, resulting in a higher ion number density. This is likely due to the slight asymmetry
of the 6-kW Hall thruster magnetic field topology near the exit plane. The asymmetry

would in turn create differences in locations of axial electric fields and the joule heating
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of electrons, resulting in different electron temperature profiles along the inner and outer

channel walls.
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Figure 6-9. Contour map of the local ionization rate within the channel of the 6-kW Hall thruster.
Elevated rates were found to occur along the inner wall compared to the outer wall.

6.3 Comparison to Experimental Data

Axial profiles of plasma potential, electron temperature, and ion number density
along the channel walls from HPHall-2 are compared to those obtained experimentally
using internal wall-mounted probes. Figure 6-10 shows the simulated and measured axial
profiles of plasma potential along the channel walls near the thruster exit plane. Prior to
the acceleration zone, there is a 30 V drop in plasma potential not observed in the
experimental data. This is due to the importance of ion diffusion far upstream of the
acceleration zone that is not captured in HPHall-2 since ions are modeled using particle-
in-cell methods [27,78]. Despite this discrepancy, the location of the acceleration zone
between simulated and measured values is in excellent agreement. The maximum axial
electric field strength, 50-60 V/mm, is also consistent between simulation and
experiment. It is interesting to note that the asymmetry between inner and outer walls is

reversed in the simulation results compared to experiment; the acceleration zone along
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the inner wall is further upstream in the HPHall-2 results, but is further downstream in

the experimental data.
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Figure 6-10. Comparison of measured and simulated axial profiles of plasma potential along the
channel walls of the 6-kW Hall thruster. The location of the acceleration zone and the electric field
strength are in good agreement.

Further insight into the asymmetry can be found by comparing the observed
erosion profiles of the 6-kW Hall thruster after approximately 334 hours of operation.
Figure 6-11 shows the measured radial recession along the inner and outer channel walls
near the thruster exit plane. It is evident that increased erosion is measured along the
outer wall. This is consistent with the measured plasma potential profiles, where the ions
accelerate further upstream along the outer wall. This would expose the outer wall to

higher ion energies compared to the inner wall, resulting in higher erosion rates.
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Figure 6-11. Comparison of the measured radial recession along the inner and outer channel walls of
the 6-kW Hall thruster after 334 hours of operation. Increased erosion is observed along the outer
wall, consistent with measured plasma potential profiles.
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The reason for the shift in acceleration zone between the inner and outer walls is
the slight asymmetry found in the 6-kW Hall thruster’s magnetic field topology. Figure
6-12 compares the simulated radial magnetic field profiles along the inner and outer
channel walls. While very similar, it is evident that the radial magnetic field along the
inner walls peaks further downstream from the outer wall peak. The strength of the radial
magnetic field is tied to the resistivity of the plasma; a higher radial magnetic field will
result in a higher resistivity and an increase in axial electric field to sustain the discharge
and enforce current continuity (through Ohm’s law). The observed asymmetry in the
magnetic field profiles is therefore consistent with the acceleration zone occurring further
upstream along the outer wall. This asymmetry, however, occurs over only 2% of the

channel length, and is therefore not highly significant.
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Figure 6-12. Comparison of simulated radial magnetic field profiles along the inner and outer
channel walls of the 6-kW Hall thruster. The peak radial magnetic field occurs further upstream
along the outer wall compared to the inner wall, consistent with plasma potential measurements.

Figure 6-13 shows the measured and simulated axial profiles of electron
temperature along the channel walls near the thruster exit plane. The maximum electron
temperature, approximately 10% of the discharge voltage, is consistent between
simulation and experimental, as well as prior measurements [10,11,13]. The location of
the peak electron temperature, however, occurs further upstream in the experimental data.
This discrepancy was found to occur along channel centerline as well, by approximately
5% of the channel length. While this difference is not very large, the excellent agreement
in plasma potential profiles may indicate that electron energy losses are present within

the simulation that are not observed in the experiment. These losses would occur near the
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beginning of the acceleration zone and reduce the local electron temperature, pushing the
peak temperature further downstream.

It is worth noting that once again the asymmetry between inner and outer channel
walls is reversed between simulation and experiment; the peak electron temperature
along the inner wall occurs further upstream in the simulation, while further downstream
in the experimental results. This discrepancy occurs over 2% of the discharge channel,
and is thus not highly significant. However, these trends are consistent with the observed
trends in plasma potential, both in the HPHall-2 and experimental results.
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Figure 6-13. Comparison of measured and simulated axial profiles of electron temperature along the
channel walls of the 6-kwW Hall thruster. While maximum observed temperatures are in good
agreement, their axial locations occur slightly upstream in the experimental data.

Figure 6-14 shows the measured and simulated axial profiles of ion number
density along the channel walls near the thruster exit plane. The number density from
HPHall-2 was calculated from the sum of the singly- and doubly-ionized xenon densities,
while the measured number density took into account that ions could enter the sheath
supersonically. Before the acceleration zone is reached, the measured ion density is
significantly higher than that predicted by HPHall-2; better agreement is obtained near
the thruster exit plane. It is difficult to determine agreement with the ion density peak
location, since the experimental data only shows a monotonic decrease in density;
however, this monotonic decrease is consistent with the simulation results. Furthermore,
both experiment and simulation show that the maximum ion density along the inner wall
is 1.5-2 times higher than along the outer wall; this difference becomes negligible as the

exit plane is approached.
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The significant difference between simulation and experiment may be partly due
to the non-uniformity in plasma potential found in the HPHall-2 results upstream of the
acceleration zone. This non-uniformity was not observed experimentally, yet a 10 V
drop occurs in the simulation results between channel centerline and the walls. Using the
Boltzmann equation (Eg. (5-1)) and an electron temperature of 10 eV, this plasma
potential difference corresponds to a 3X drop in number density. The high number
densities observed in experiment will have a significant impact on the measured ion

power deposition to the walls, as well as predicted erosion rates.
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Figure 6-14. Comparison of measured and simulated axial profiles of ion number density along the
channel walls of the 6-kW Hall thruster. Peak values are much higher in experiment than
simulation, while better agreement is obtained within the acceleration zone close to the exit plane.

6.4 Summary

This chapter presented simulation results of the 6-kW Hall thruster at 300 V and
20 mg/s using the hybrid-PIC code HPHall-2. The results confirm the presence of strong
axial electric fields near the channel walls caused by significant plasma density gradients.
These electric fields tend to defocus ions and accelerate them towards the channel walls,
which will strongly influence the resulting incident ion power to the walls as well as local
erosion rates.

While the measured and simulated axial profiles of plasma potential and electron
temperature are in good agreement, the measured ion number densities are significantly

higher than predicted by the simulation. Better agreement is found near the thruster exit
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plane after the plasma has begun to accelerate, but differences in the ionization zone
approach a factor of five. It is still unclear why the simulated number densities are so
much lower; uncertainties in the internal wall-mounted probe area may contribute to a
higher calculated ion number density, but not enough to fully account for the differences

between measured and simulated values.
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Chapter 7

Incident Power Deposition onto Channel Walls

This chapter describes the calculated incident ion power to the inner and outer
channel walls of the 6-kW Hall thruster using internal wall-mounted probes. The overall
power deposited to the channel walls has been shown to be a significant energy loss
mechanism in Hall thrusters [18,79]. Furthermore, it has been argued by Kim [80] that
the incident ion power density to the wall is directly proportional to the local erosion rate.
Thus, it is important for performance and lifetime to characterize the ion energy, current
density, and incident power as a function of axial position along the wall as well as
thruster operating condition.

Axial profiles of incident ion current density, beam and sheath ion energies, and
incident ion power are first provided along the inner and outer channel walls at 150 V and
300 V, 20 mg/s anode flow rate. These quantities are then spatially integrated or
averaged to obtain global trends over several operating conditions spanning a wide range
of discharge voltages, anode flow rates, and discharge powers. Fitting functions are
described that allow spatial extrapolation of relevant quantities outside the limited
interrogation zone. The presented characteristics within the channel are then correlated
to beam current and divergence measured in the near-field plume. Finally, the calculated
electron power to the walls and related energy analysis within the channel are briefly

discussed.

7.1  Axial Profiles along the Channel Walls

7.1.1 Incident lon Current Density
The incident ion current density to the inner and outer walls was calculated using
the ion saturation current measured by internal flush probes. The saturation current was

determined using methods outlined in Section 4.2.4 that account for sheath expansion
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around the probe. Figure 7-1 and Figure 7-2 show the axial profiles of incident ion
current density along the inner and outer channel walls at 150 V and 300 V, and 20 mg/s
anode flow rate. The current density at z = -0.095 channel lengths along the inner wall is
omitted due to signs of leakage current that significantly affected the measurement. For
both walls, the peak current density is of the same order magnitude as the average current
density exiting the thruster (discharge current divided by annular channel area).

Furthermore, the incident current to the wall drops as the exit plane is approached.
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Figure 7-1. Axial profiles of incident ion current density along the inner channel wall at operating
conditions of 150 V and 300 V, 20 mg/s. More ion current appears to reach the wall at 150 V, until
the exit plane is approached where the incident currents are more equal.

120 T

100

80 g=——

60

40
] —e— 150 V, 20 mg/s
20 - —e— 300V, 20 mg/s

lon Current Density [mA/cmz]

0 —

T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T |
-0.14 -0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00
Distance from Exit Plane [channel lengths]

Figure 7-2. Axial profiles of incident ion current density along the outer channel wall at operating
conditions of 150 V and 300 V, 20 mg/s. The incident current is roughly equal until the ions begin
accelerating at 300 V, at which point the current hitting the walls is reduced.
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Along the outer channel wall, the sudden drop in current at z = -0.095 channel
lengths at 300 V is attributed to ions accelerating out of the channel; plasma potential
profiles presented in Section 5.3.1 show the acceleration zone beginning at this location.
The gain in axial-directed energy would reduce the residence time in the channel, and
thus the time to be accelerated in the radial direction towards the wall. This trend,
however, is not visible along the inner wall; this could be due to fewer available data
points, as well as the fact that the acceleration zone at 300 V was found to begin further
downstream along the inner wall compared to the outer wall (see Figure 5-9).

At nearly all locations, incident ion current was found to be higher at 150 V. Part
of this trend is due to the acceleration zone occurring further downstream at low-voltage
operation. Due to the weaker axial electric fields at 150 V, the increased current to the
walls could also be caused by a naturally more divergent ion beam; this trend will be
further discussed in Section 7.3, where internal data is correlated with ion current density
measurements taken in the near-field plume.

Lastly, more ion current was measured along the inner wall compared to the outer
wall. While this difference is largely diminished as the exit plane is approached, before
the acceleration zone the incident current along the inner wall could exceed that along the
outer wall by as much as a factor of two. This could be due in part to the acceleration
zone occurring further downstream along the inner wall compared to the outer wall; thus,
the drop in current density associated with acceleration would be shifted as well.
However, HPHall-2 simulations presented in Chapter 6 showed elevated number
densities along the inner wall at 300 V due to higher ionization rates; this could also
increase the incident ion current density to the inner wall. Slightly elevated number
densities (10-20% higher) were also present along the bulk plasma inner bound compared
to the outer bound in prior internal measurements taken by Reid [13], although these data
were limited to 0.1 channels widths away from the channel walls. Due to the dependence
on current density, this asymmetry along the wall will also be seen in the calculated

incident ion power density.

7.1.2 Sheath and Beam Energies
The incident ion energy at the channel walls is attained through voltage drops
occurring within the acceleration zone of the thruster (beam energy) as well as the sheath
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layer (sheath energy). The sheath energy is calculated using the measured electron
temperature and methods outlined in Section 4.5.3. The beam energy is calculated by
assuming ions fall from anode potential to the local plasma potential. This is justified
since measurements in this work as well as prior internal measurements by Reid [13]
show that the primary ionization zone occurs at a plasma potential that is within 5 - 10 V
of the anode potential. Thus, the beam energy is set equal to the anode potential less the
measured local plasma potential. Considering uncertainties in the plasma potential (for
beam energy) and the calculated sheath potential, the uncertainty in the total ion energy is
approximately +20%.

Figure 7-3 and Figure 7-4 show the calculated axial profiles of beam, sheath, and
total ion energy incident along the inner and outer channel walls at 300 V, 20 mg/s anode
flow rate. It is evident that, as expected, the total energy upstream of the acceleration
zone is composed almost entirely of sheath energy. It is interesting to note that, within
the interrogation zone, the sheath energy remains relatively fixed at 30 -50 eV. This is
due to the secondary electron emission characteristics of the ceramic wall (see Section
4.5). For this reason, the total energy never exceeds 50 eV upstream of the acceleration
zone. Once the ions begin gaining beam energy, the total energy rises significantly; over

200 eV of ion energy is expected to impact both walls at the exit plane.
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Figure 7-3. Axial profiles of sheath, beam and total ion energy along the inner wall near the exit
plane at 300 V, 20 mg/s. The sheath energy is the primary component of ion energy for the majority
of the channel, until the acceleration zone is reached. Uncertainty bars are omitted for clarity.
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Figure 7-4. Axial profiles of sheath, beam and total ion energy along the outer wall near the exit
plane at 300 V, 20 mg/s. The sheath energy is the primary component of ion energy until the
acceleration zone is reached. Uncertainty bars are omitted for clarity.

The axial profiles of ion energy can have significant implications towards
sputtering models and channel wall erosion. After approximately 334 hours of operation,
the 6-kW Hall thruster showed negligible erosion along the inner wall occurring upstream
of z = -0.12 channel lengths, with slightly more erosion occurring along the outer wall.
While the thruster was only operated under nominal conditions for one-third of this
duration, the correlation between the acceleration zone and the region of noticeable
erosion is significant. This trend and related implications will be further discussed in
Chapter 8.

Figure 7-5 and Figure 7-6 show the calculated beam, sheath and total ion energy
axial profiles along the inner and outer walls near the exit plane at 150 V, 20 mg/s anode
flow rate. The sheath energy is the primary component of ion energy for almost the
entire channel; the beam energy does not become significant until the last 2% of the
channel. As with operation at 300 V, the sheath energy is limited to approximately 50 eV
due to the secondary electron emission characteristics of the ceramic wall. Despite the
downstream shift in acceleration zone at lower voltage, total ion energies still approach

about two-thirds of the discharge voltage at the exit plane.
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Figure 7-5. Axial profiles of sheath, beam and total ion energy along the inner wall near the exit
plane at 150 V, 20 mg/s. The sheath energy remains the dominant component until the exit plane is
reached. Uncertainty bars are omitted for clarity.
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Figure 7-6. Axial profiles of beam, sheath and total ion energy along the outer wall near the exit
plane at 150 V, 20 mg/s. The sheath energy remains the dominant component for almost the entire
channel. Uncertainty bars omitted for clarity.

The contribution of beam and sheath energies to the total ion energy is better
illustrated in Figure 7-7 and Figure 7-8. Due to similarities between walls, only the
results for the outer wall are presented here. Deep in the channel, the sheath energy
composes 80-90% of the total energy; as the exit plane is approached this trend is
reversed, and the beam energy becomes the dominant source of total ion energy. These
trends are consistent with simulation results of the BPT-4000 using HPHall-2 [69]. As
expected, the location where the beam energy begins to dominate is determined by the
location of the acceleration zone. At 300 V, the beam energy exceeds the sheath energy
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for the last 8% of the channel. At 150 V, where the acceleration zone occurs further
downstream, the beam energy does not exceed the sheath energy until the last 2% of the

channel.
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Figure 7-7. Axial profiles of the relative contributions of beam and sheath energies to the total ion
energy along the outer wall at 300 V, 20 mg/s. Beam energy does not exceed the sheath energy
contribution until the last 8% of the channel.
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Figure 7-8. Axial profiles of the relative contributions of beam and sheath energies to the total ion
energy along the outer wall at 150 V, 20 mg/s. Beam energy does not begin to exceed the sheath
energy contribution until the last 2% of the channel.

The above profiles are important to characterize due to their impact on not only
the incident energy but also the incident angle of approaching ions, both of which affect
the sputtering yield of wall material.  Furthermore, the correlation between the

acceleration zone and the region of noticeable erosion indicates a high level of

128



dependence between the ion energy and sputter yield. The resulting trends will be used

to infer more about the necessary sputtering yield function in Chapter 8.

7.1.3 Incident lon Power Density

The incident ion power density is equal to the flux of ions to the wall multiplied
by the energy each ion carries. Assuming that all the ions approaching the wall obtain
the total energy calculated in Section 7.1.2, then this is simply the incident ion current
density multiplied by the sum of the sheath and beam voltages. This assumption is
justified due to prior LIF measurements taken within the channel which show a negligible
fraction of ions with low energies in the acceleration zone [81]; thus, almost all the ions
have been accelerated through the beam voltage near the wall. The combined
uncertainty, from the calculated ion current density and energy, is estimated at +60%.

Figure 7-9 and Figure 7-10 show the calculated axial profiles of incident ion
power density along the inner and outer channel walls at 150 and 300 V, 20 mg/s anode
flow rate. The data at z = -0.095 channel lengths along the inner wall is not presented due
to the probe showing signs of leakage current; thus, the measured ion current density was
found to be significantly affected. The trend of the power density is a combination of the
decrease in ion current density and increase in ion energy as the exit plane is approached.
In general, the ion energy increases more rapidly than the current density decreases,
resulting in a rise of power density as the exit plane is approached.
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Figure 7-9. Axial profiles of incident ion power density along the inner wall near the exit plane at 150
and 300 V, 20 mg/s. In general, the power density increases as the exit plane is approached, with
more power at 300 V.
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Figure 7-10. Axial profiles of incident ion power density along the outer wall near the exit plane at
150 and 300 V, 20 mg/s. The power density appears to increase as the exit plane is approached, with
more power at 300 V.

While the incident power is roughly the same between 150 and 300 V upstream of
the acceleration zone, increased power was calculated at 300 V near the thruster exit
plane. Despite the discharge power being different by a factor of two, the sheath energies
and incident ion current densities were found to be similar prior to ion acceleration, thus
leading to similar power densities. However, the significantly higher beam energies
present at 300 V near the exit plane result in a higher power density.

The drop in incident ion power along the inner wall from z = -0.048 to z = -0.024
channel lengths is caused by a drop in ion current to the wall. Since the ion energies near
the exit plane are comparable between the inner and outer wall, and this trend is not seen
along the outer wall, it is possible that this drop is due to uncertainty in the collection area
due to probe degradation (see Section 5.1.2). This would cause uncertainty in the ion
current density as well as the incident power density. However, with the exception of
data at z = -0.048 channel lengths along the inner wall, the calculated power densities are
comparable between the inner and outer channel walls. This rough similarity is expected
due to the symmetric magnetic field topology used at all tested operating conditions.
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7.2 Integrated and Averaged Quantities within the Channel

In order to quantify the incident ion power across a wide range of operating
conditions, the power density is integrated along both channel walls to obtain the total

incident ion power within the channel:

P, = 27{ jjigirds+ jjieirdsJ, (7-1)
inner wall outer wall
where j; is the ion current density, ¢; is the incident ion energy, r is the local radius of the
wall from thruster centerline, and s is the length coordinate along the wall. The incident
ion power will also be investigated by decomposing the overall power into the total ion
current to the walls and the average incident ion energy:

Pion=lwa..sa=2n[ [ irds+ jjirds]a- (7-2)

inner wall outer wall

The list of the operating conditions that will be presented, which span a wide range of
discharge voltages, flow rates, and discharge powers, can be found in Section 5.1. Bulk
properties within the channel will first be limited to the interrogation zone near the exit
plane using only the data points measured from the internal wall-mounted probes.
Methods will then be described on extrapolating this data set to estimate values within the
entire channel. These extrapolated values will then be used to determine the overall

incident ion power properties within the channel.

7.2.1 Properties within Interrogation Zone

Figure 7-11 shows the integrated incident ion power to the channel walls within
the interrogation zone of the 6-kW Hall thruster. In general, the power to the walls
increases fairly linearly with discharge power, as expected. The line fit to the data
corresponds to ion power that is 5.6% of the discharge power. Despite the linear trend,
elevated values of incident ion power were calculated at a discharge voltage of 150 V,
regardless of anode flow rate. Furthermore, the nominal operating condition of 300 V, 20
mg/s anode flow rate yielded less ion power than expected from the linear trend, only
4.3%. This can also be seen in Figure 7-12, which gives the percent discharge power that
is incident on the channel walls from the ion flux. While the ensemble average is just

over 6%, values over 8% were calculated at 150 V, 10 and 20 mg/s anode flow rate;
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however, once the flow rate reached 30 mg/s the percentage dropped to just above 6%.
In order to determine the cause of these trends, the incident power is decomposed into the

total ion current to the walls and the average incident ion energy.
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Figure 7-11. Total ion power to the walls within the interrogation zone. While the ion power is fairly
linear with discharge power, elevated values were found at 150 V.
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Figure 7-12. Percent of discharge power that is incident on walls from ion flux. Average power over
all operating conditions tested is roughly 6%. Values over 8% were calculated at 150 V, 10 and 20
mag/s.

Figure 7-13 shows the integrated ion current to both channel walls within the
interrogation zone. As expected, more current is incident upon the walls at higher flow
rates, primarily due to the higher number of ions created. The incident ion current was
found to decrease with increasing discharge voltage at all flow rates tested. This can be

better seen in Figure 7-14, which non-dimensionalizes the incident ion current by the
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beam current to minimize the dependence on flow rate. Beam current was determined
from prior studies [13] as well as measurements in this work using near-field Faraday
probes. Due to the £10% uncertainty in measured beam current, the relative uncertainty
for the non-dimensionalized incident ion current is £50%. Values dropped from over

30% to 10% across the range of voltages tested.
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Figure 7-13. Integrated ion current to the channel walls within the interrogation zone. Total ion
current appears to increase with anode flow rate and decrease with discharge voltage.
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Figure 7-14. Total ion current to the channel walls within the interrogation zone, non-
dimensionalized by the measured beam current. The decreasing trend with discharge voltage is
much more defined, and is present at all flow rates.

The large ion currents to the wall at low voltages can be attributed to higher
divergences within the channel created by relatively large radial electric fields. The
correlation between this “internal” divergence and plume divergence is further

investigated in Section 7.3.3. The elevated values of incident ion current at least partially
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explain the reason for the higher incident ion powers observed at 150 V. However, the
overall trend of decreasing current with discharge voltage may be the result of the
acceleration zone moving upstream with increasing discharge voltage. Since the values
above are limited to the interrogation zone, the internal wall-mounted probes could be
measuring lower currents because the peak ion current density moves upstream with the
acceleration zone. Thus, especially at higher discharge voltages, this peak may not be
captured by the probes and would create a deceptively low incident ion current
measurement. For this reason, the data set is extrapolated to the entire channel in Section
7.2.3 to better characterize the overall ion power to the wall.

Figure 7-15 shows the average incident ion energy along the channel walls within
the interrogation zone. As expected, the average energy increases with discharge voltage
due to the corresponding increases in beam energy. At low voltages where beam
energies are low, average energies are approximately 50 eV; this corresponds to typical
sheath energies found at these voltages. At higher voltages, the average energy near the

exit plane can reach hundreds of eV.
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Figure 7-15. Averaged incident ion energy along the channel walls within the interrogation zone. As
expected, the average energy increases with discharge voltage as the channel becomes exposed to
higher beam energies.

In order to eliminate the dependence of the average incident energy on increased
beam energies, the incident energy is non-dimensionalized by the discharge voltage.
Figure 7-16 shows that despite this non-dimensionalization, the average incident ion
energy is still found to increase with discharge voltage. However, at lower voltages, the

average incident energy actually decreases before rising. This trend is caused by two
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competing effects. The first is an increase in relative beam energy with discharge
voltage. As the discharge voltage is increased, the acceleration zone recedes further into
the channel; thus, within the interrogation zone, the ions have fallen through a larger
portion of the total acceleration voltage and the walls are exposed to higher beam
energies. The second effect is an increase in relative sheath energy at reduced voltages.
The electron temperature within Hall thrusters has been shown to roughly scale with
discharge voltage up to several hundred volts [8,10,11,13]. Based on the sheath model
described in Section 4.5.3, while the sheath energy typically increases with electron
temperature, the relative sheath energy maximizes at temperatures below 20 eV; that is,
sheath energies are several electron temperatures when the electron temperature is low,
but only one electron temperature when the electron temperature is high. Thus, at lower
discharge voltages, the electron temperature will be lower and will correspond to higher
relative sheath energies. These two competing effects create a minimum in the relative

incident ion energy at moderate discharge voltages.
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Figure 7-16. Averaged incident ion energy along the channel walls, non-dimensionalized by the
discharge voltage. In general, the energy increases with discharge voltage, but decreases at lower
voltages.

While the above trends are important towards understanding incident ion power
near the exit plane where channel wall erosion is significant, limited insight can be
gained without extending the data set to the entire channel. For this reason, extrapolation

schemes are presented that allow estimates of total incident power to be made.
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7.2.2 Extrapolation of Properties to Entire Channel

In order to extrapolate calculations of the total incident ion power to the entire
channel, complete axial profiles of plasma potential (to calculate beam energy), electron
temperature (to calculate sheath energy) and ion current density are required. Methods of

performing this extrapolation and their validation are provided below.

7.2.2.1 Plasma and Floating Potentials

Prior internal measurements on the 6-kW Hall thruster [13] have shown that the
axial profiles of plasma and floating potential follow a general “S” shape which is
characteristic of a sigmoid function:
B

1+ exp(cg Zj, (7-3)

where A, B, C and D are fitting parameters. Figure 7-17 compares measured axial

f(z)= A+

profiles of plasma and floating potential taken by Reid [13] along channel centerline to
the corresponding sigmoid fits within the channel. In general, the sigmoid function
agrees well with the experimental data; the slight deviation of floating potential near the
exit plane is attributed to the irregular bump in the measured profile, and does not occur
in the data of this work. It should be noted that these profiles are limited to the channel
and does not include the plume; it was found that the downstream portion of the plasma
potential is better described by exponential decay. For this particular work, however,

only the profile within the channel needs to be sufficiently extrapolated.
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Figure 7-17. Sigmoid curve fits to floating and plasma potential axial profiles along channel
centerline within the channel, under nominal conditions of 300 V and 20 mg/s anode flow rate. Data
taken from Ref. [13].
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In order for the sigmoid fit to be properly applied to the present data set, boundary
conditions must be determined that allow the function to reach the proper plateaus. Since
the measured plasma potential prior to the acceleration zone was found to be within 5 -
10 V of the anode potential, the plasma potential is set equal to anode potential at the
location of the anode. Furthermore, the far-field plasma potential is typically 20 — 30 V
above cathode potential [13], so the plasma potential is set to 25 V one channel diameter
downstream of the thruster exit plane.

Floating potential boundary conditions are based off the plasma potential
boundary conditions and a difference proportional to the local electron temperature.
Based off prior internal measurements [13], the electron temperature at the anode and one
channel diameter downstream of the exit plane is set to 5 eV. The average difference
between measured plasma and floating potentials in this study was found to be 4.6
electron temperatures; thus the floating potential boundary conditions are set to 23 V
below the plasma potential boundary conditions.

Figure 7-18 compares measured plasma and floating potentials along the outer
channel wall to extrapolated sigmoid fits at 300 V, 20 mg/s anode flow rate. The sigmoid
function appears to fit the experimental data very well, and thus allows for determination
of plasma and floating potentials within the entire channel. The plasma potential may be
used to determine the incident ion beam energy along the wall; as will be discussed in the
following section, the floating potential will be used to determine the electron

temperature, and thus the sheath energy, along the wall.
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Figure 7-18. Comparison of measured plasma and floating potentials along the outer channel wall
and extrapolated sigmoid fits to the entire channel, at 300 V and 20 mg/s anode flow rate. Boundary
points at the anode and in the plume are based off prior measurements. Uncertainty bars omitted
for clarity.
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7.2.2.2 Electron Temperature

Based on the sheath model described in Section 4.5.3, the sheath energy may be
calculated from the local electron temperature. Since fitting functions are difficult to
apply in this case due to the uncertainty in magnitude and axial location of maximum
electron temperature, the extrapolated plasma and floating potential profiles (see Section
7.2.2.1) are used to determine the electron temperature profile within the channel. Using
the data from ten internal wall-mounted probes across nine operating conditions, the
average difference between plasma and floating potentials along the channel wall was
found to be 4.6 electron temperatures, very close to the ideal value of 5.3. The
distribution of these values yielded a near-Gaussian profile with a standard deviation of
approximately 20% of the mean value of 4.6. Since this deviation is close to the
uncertainty in measured electron temperature, it was deemed acceptable to use for all
operating conditions. Thus, the extrapolated floating potential was subtracted from the
extrapolated plasma potential and divided by 4.6 to obtain the full axial profile of
electron temperature within the channel.

Figure 7-19 compares the measured electron temperature along the outer wall to
the extrapolated profile at 300 V, 20 mg/s anode flow rate. The extrapolated profile
shows reasonable agreement with the experimental data, and accurately reproduces the
location and magnitude of maximum electron temperature. Furthermore, the extrapolated
profile was found to resemble a Gaussian distribution, which is consistent with prior
internal measurements (see Section 7.2.2.3). Thus, this technique allows the

determination of electron temperature and sheath energy along the entire channel wall.
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Figure 7-19. Comparison of measured electron temperature along the outer channel wall to the
extrapolated axial profile within the channel, at 300 V and 20 mg/s anode flow rate. The
extrapolated profile shows reasonable agreement with experimental data, and accurately reproduces
the location and magnitude of maximum electron temperature.

7.2.2.3 lon Current Density

Extrapolation of the ion current density profile is considerably more difficult than
previous quantities due to the apparent lack of a general structure, uncertainty in the
magnitude and location of maximum current density, and scarcity of prior internal
measurements that span a larger axial range. However, a generalized functional form can
be recovered by using observations of prior as well as present measurements. For most
of the channel, the incident ion current should be equal to the Bohm current since

negligible axial acceleration has occurred. Thus,

. f T
Ji =¢en; Ie\/le o ni\/f' (7-4)

Prior internal measurements by Reid [13] can then be used to determine functional forms

of ion number density and electron temperature. It was found that the electron
temperature profile within the channel most closely resembles a Gaussian function, while
the ion density profile most closely follows a Lorentzian profile. Figure 7-20 compares
the functional fits to the measured profiles along the bulk plasma outer bound (10% of
the channel width away from the outer wall), which shows reasonable agreement between

the two.
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Figure 7-20. Comparison of functional fits to measured axial profiles of electron temperature and ion
number density along the bulk plasma outer bound at 300 V and 20 mg/s anode flow rate. Data taken
from Ref. [13]. The electron temperature was found to closely follow a Gaussian profile, while the
ion number density most closely resembled a Lorentzian profile.

Following Eq. (7-4), the ion current density profile within the channel can be

approximated as the product of Gaussian and Lorentzian functions:

f(2)= Aexr{— (Z_BZ)j )

(z-z,)+C
where A, B, C and z, are fitting parameters. To simplify the equation and fitting process,

the location of maximum number density and electron temperature were assumed to be
the same; since these values typically both peak around the beginning of the acceleration
zone, this was deemed a reasonable assumption. Furthermore, the function was forced to
approach zero at positive and negative infinity based on physical reasoning. Boundary
conditions at the anode and one channel diameter downstream were set to zero. While
this is not strictly true, the low values of ion density and electron temperature at these
extreme locations make this a reasonable approximation. Figure 7-21 compares the
experimental values of ion current density to the functional fit along the outer channel
wall at 300 V, 20 mg/s anode flow rate. Reasonable agreement is found between the two,
indicating that this technique can be used to determine the incident ion current density
along the entire channel wall.
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Figure 7-21. Comparison of measured and extrapolated ion current density to the outer channel wall,
at 300 V and 20 mg/s anode flow rate. The functional fit is in reasonable agreement with the
experimental data.

While the above technique is a reasonable method of extrapolation, it remains
sensitive to the location of maximum current density. The present data indicates that this
maximum occurs close to the beginning of the acceleration zone; since the entire
acceleration zone was captured under most operating conditions, the maximum measured
current density was typically taken as the maximum current density in the channel.
However, at higher discharge voltages this is no longer the case. In particular, at 500 V
significant acceleration had occurred upstream of the interrogation zone. Therefore, an
artificial data point was created based off the extrapolated plasma potential profile as well
as ion current density measurements at the other operating conditions. Since the
maximum measured current density did not significantly change with increasing voltage,
this data point was calculated as a reasonable estimate of the location and magnitude of

the maximum current density at 500 V.
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Figure 7-22. Extrapolated plasma potential and ion current density profiles at 300 V and 10 mg/s
(left) as well as at 500 V and 10 mg/s (right). In order to ensure the peak current density was
captured at 500 V, an artificial data point was created based on the magnitude of the peak at other
operating conditions as well as the relative location of this peak along the plasma potential profile.
Uncertainty bounds are omitted for clarity.

7.2.3 Estimated Values over Entire Channel Length

The methods outlined in Section 7.2.2 were used to determine the incident ion
power characteristics over the length of the entire channel. Figure 7-23 shows the total
incident ion power to the channel walls as a function of discharge power. In general,
there is an increase in wall power with discharge power; the linear fit corresponds to
10.9% of the discharge power being incident on the walls through ion flux. However,
nearly no actual points lie on this line, and elevated values were found at 150 and 500 V.
The remaining operating conditions have less than 10% of the discharge power incident
on the walls. This is better seen in Figure 7-24, which plots this percentage as a function
of discharge power. The average wall power over all operating conditions was found to
be over 11%, with elevated powers occurring at 150 V, 10 and 20 mg/s anode flow rate,
as well as at 500 V. Similar to Section 7.2.1, further insight into these trends can be
found by decomposing the ion power into the total ion current to the walls and the

average incident ion energy.
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Figure 7-23. Total incident ion power to the walls within the channel. While there is a general
increase in wall power with discharge power, elevated values were found at 150 and 500 V.
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Figure 7-24. Percent of discharge power incident on the channel walls via ion flux. Elevated values
are found primarily at 150 V, 10 and 20 mg/s, as well as at 500 V. Average ion power over all
operating conditions is 11.5%.

The total integrated ion current to the channel walls is shown in Figure 7-25. As
expected, the total current to the wall increases with flow rate due to the increased
number of ions created. The ion current to the walls can be sizeable, approaching 20 A at
150 V, 30 mg/s anode flow rate. In general, it appears that the ion current drops as
discharge voltage increases; however, the total ion current increases from 400 to 500 V,
and hardly changes when going from 150 to 300 V at 20 mg/s anode flow rate. This can

be better seen in Figure 7-26 which non-dimensionalizes the total ion current to the wall
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by the ion beam current, determined from prior [13] and present (see Section 7.3)

measurements within the near-field plume.
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Figure 7-25. Total integrated ion current to the channel walls as a function of discharge voltage. As
expected, total wall current increases with mass flow rate. In general, wall current drops with
increased voltage, but appears to increase at 500 V.
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Figure 7-26. Total ion current to the channel walls non-dimensionalized by ion beam current. In
general, elevated values are found at low voltage due to high divergence and at high voltage due to
recession of the acceleration zone.

The observed trends are likely the cause of two competing effects. The first is
high divergence of ions within the channel at low discharge voltage due to relatively
strong radial electric fields. This will cause more ions to hit the wall, leading to elevated
ion currents. This divergence will be correlated to measured near-field plume properties
in Section 7.3.3. The second effect is the recession of the acceleration zone deeper into

the channel at increased discharge voltages. As this layer recedes, more plasma is created
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deeper in the channel, thus exposing more of the channel wall to ion flux. This will also
increase the total ion current to the wall, and is the reason for elevated values at 500 V;
this trend was not found when the integrated ion current was restricted to the
interrogation zone. Thus, these two competing effects cause a minimum in the total ion
current to the walls at moderate discharge voltages.

Figure 7-27 shows the average incident ion energy over the entire channel of the
6-kW Hall thruster. As expected, the incident ion energy increases with discharge
voltage due to larger beam and sheath energies at higher discharge voltages. Despite
being averaged over the entire channel, ion energies still exceed 100 eV at 400 and 500
V, and drop no lower than 40 eV at 150 V. In order to eliminate the dependence of
elevated energies due to increased discharge voltage, the average ion energy is non-
dimensionalized and plotted again in Figure 7-28.
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Figure 7-27. Average incident ion energy along the channel walls as a function of discharge voltage.
As expected, the average energy increases with discharge voltage, exceeding 100 eV at 400 and 500 V.

With the exception of 300 V, 20 mg/s anode flow rate, the average incident ion
energy remains between 20 and 30% of the discharge voltage. A clear minimum is found
at moderate discharge voltages, similar to the result found in Section 7.2.1. The cause of
this minimum is due to higher sheath energies at low voltage and higher beam energies at
high voltage. Due to secondary electron emission effects, the lower temperatures
typically found in low voltage discharges correspond to higher relative sheath energies;
that is, sheath voltages that are several electron temperatures in magnitude. At higher

voltages, the relative sheath energies are low; but the acceleration zone recedes further
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into the channel, exposing more of the channel to high relative beam energies. For these
reasons, the incident ion power (relative to the discharge power) is minimized at

moderate voltages.
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Figure 7-28. Average ion energy to the channel walls non-dimensionalized by discharge voltage. A
minimum occurring at moderate voltages is caused by high sheath energies at low voltage and
elevated beam energies at high voltage.

7.3 Correlation with Near-field lon Current Density Measurements

lon current density measurements were taken in the near-field plume of the 6-kW
Hall thruster in order to correlate properties within the channel to those observed
immediately downstream of the thruster exit plane. Calculated ion beam currents and
plume divergences will first be discussed and compared to prior measurements at the
nominal operating condition of 300 V, 20 mg/s anode flow rate. These values will then
be used along with internal wall-mounted probe data to define an “internal divergence”

that is compared to the calculated plume divergence.

7.3.1 lon Beam Current

The total ion beam current was calculated at various axial locations downstream
of the exit plane using methods described in Section 3.8. Figure 7-29 shows the
calculated ion beam current at various distances from the thruster exit plane at 300 V, 20
mg/s. Values were found to be very consistent from 0.3 to over 1 mean thruster diameter
(Dtm) from the exit plane. As the probe moves deeper into the plume, the ion beam

exiting the thruster begins to merge into a single beam centered at thruster centerline
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instead of channel centerline; when this occurs, the near-field analysis techniques break

down and the calculated beam current drops precipitously.
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Figure 7-29. Calculated ion beam current as a function of distance from the thruster exit plane, at
300 V and 20 mg/s. Values are very consistent from 0.3 to over 1 mean channel diameter. Horizontal
line corresponds to reported beam current value.

Calculated beam currents as well as the corresponding current utilization
efficiencies are given in Table 7-1. Values with asterisks denote data taken from prior
near-field studies performed by Reid [13]. In general, it appears that the current

utilization increases with voltage and decreases with anode flow rate.

Table 7-1. List of calculated beam currents and current utilization efficiencies for the operating
conditions in this work. Values with asterisks denote data taken from Reid [13].

Operating Condition Beam Current [A] Current Utilization Efficiency

150 V, 10 mg/s 6.80* 0.739*
200V, 10 mg/s 6.23 0.700
250V, 10 mg/s 6.48 0.739
300 V, 10 mg/s 7.35% 0.812*
400 V, 10 mg/s 6.66 0.739
500 V, 10 mg/s 7.58 0.830
150 V, 20 mg/s 14.8* 0.692*
300 V, 20 mg/s 14.5 (15.8%) 0.719 (0.777%)
150 V, 30 mg/s 24.0* 0.675*

These trends can be seen across the data taken by Reid as well as data taken
within this work, but the two separate data sets do not match up well. It is evident that

Reid consistently measured higher beam currents than those found in this study. This can
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readily be seen by comparing the two data sets at 300 V, 20 mg/s anode flow rate,
although these two measurements agree within the quoted uncertainty bounds. Figure
7-30 compares the radial profile of measured ion current density between Reid and this
work at 300 V, 20 mg/s anode flow rate, 0.3 D1, (mean thruster diameters) downstream
of the exit plane. While there is excellent agreement around the channel (centered at 0.5
Drm), Reid measured elevated current densities at locations far off-axis and around
thruster centerline. These regions are expected to largely contain slow-moving ions either
from the cathode (at centerline) or within the facility background (far off-axis). It is
likely that Reid measured more slow-moving ions due to the exposed edge and rear of the
Faraday probe, which were insulated with ceramabond in this study. However,
significant differences tended to only occur outside the radial range used to determine
beam current and plume divergence. Therefore, since the difference between the two
measurements in the analyzed region is within the uncertainty bounds, no attempts were

made to correct them.

100 —

-
=
|

N
I

Current Density [mA/cmg]

0.1 — T T T —

0.0 05 1.0 1.5 20
Distance from Centerline [Dy ]

Figure 7-30. Comparison of ion current density radial profiles taken by Reid and in this study, 0.3
D+, downstream of the exit plane at 300 V, 20 mg/s. Elevated current densities are found by Reid
far off axis and near thruster centerline.

7.3.2 Plume Divergence

The plume divergence angle was calculated from near-field current density
measurements using analysis techniques described in Section 3.8. Figure 7-31 shows the
calculated divergence angle at various axial locations downstream of the exit plane at 300
V, 20 mg/s anode flow rate. As found by Reid [13], the calculated divergence angle in

the near-field plume is consistent over a certain axial range, usually around 1 Dt ,. This
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range corresponds to the locations that are far enough downstream where the point source
approximation is valid, but upstream of where the plume merges into a single beam. This
range was found to be highly dependent on operating condition, and can be relatively

small in extent if the plume divergence is large.
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Figure 7-31. Calculated divergence angle at various axial locations downstream of the thruster exit
plane at 300 V, 20 mg/s. Horizontal line corresponds to reported divergence angle.

Table 7-2 gives the calculated plume divergence angles and corresponding
divergence efficiencies based off the near-field Faraday probe measurements. Values
with asterisks correspond to data taken from Reid [13]. In general, better focusing is

found at higher voltages and higher anode flow rates.

Table 7-2. List of calculated plume divergences and divergence efficiencies from near-field ion
current density measurements. Values with asterisks correspond to data from Reid [13].

Operating Condition Plume Divergence Angle [deg] Divergence Efficiency
150 V, 10 mg/s 27* 0.794*
200 V, 10 mg/s 17 0.915
250 V, 10 mg/s 16 0.924
300V, 10 mg/s 20* 0.883*
400V, 10 mg/s 15 0.933
500 V, 10 mg/s 19 0.894
150 V, 20 mg/s 28* 0.780*
300V, 20 mg/s 14 (16%) 0.941 (0.921%)
150 V, 30 mg/s 25* 0.821*
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As observed with the beam current measurements, higher values of plume
divergence were measured by Reid than in this study. The probable cause is identical to
the reason for elevated beam currents: more slow-moving ions appear to have been
collected near the thruster centerline and far off-axis, resulting in a wider current density
distribution (see Section 7.3.1). However, the error is within the uncertainty bounds for
both measurements, therefore no effort was made to correct it.

It is interesting to note that while beam focusing improved at higher discharge
voltages, a higher divergence angle was measured at 500 V. This can easily be seen in
the ion current density contours in Figure 7-32 and Figure 7-33, which show that the
plume is much more collimated at 400 V. While the reason for this is still unclear, it will
be shown in the following section that the increased divergence is correlated with
increased ion currents to the walls within the channel. Despite this sudden increase in
divergence at 500 V, a similar rise in beam current was found; the current utilization
efficiency rose from 0.739 to 0.830 when increasing discharge voltage from 400 to 500
V. The combined effect (within these two efficiencies) is a net increase in efficiency at

500 V, which is consistent with thrust stand measurements.
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Figure 7-32. lon current density contour map at 400 V, 10 mg/s anode flow rate. The ion beam
exiting the channel is highly collimated, and merging towards thruster centerline does not occur
upstream of 1 D, from the exit plane.
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Figure 7-33. lon current density contour map at 500 V, 10 mg/s anode mass flow rate. The ion beam
exiting the channel is more divergent, and begins to merge towards thruster centerline upstream of 1
Dtm.

7.3.3 Comparison between Internal and Near-field Measurements

The ion beam current and plume divergence calculated from Faraday probe
measurements are used to correlate near-field properties to those within the channel. The
plume divergence angle is a measure of how much the ion beam in the plume is axially-
directed, as only the axial momentum produces net thrust. Thus, using far-field
measurements, the divergence half angle is defined as [82]

0, = cosl(%]. (7-6)

b
Equivalently, the plume divergence is a measure of how quickly (with axial distance) the

ion beam spreads out in the radial direction, leading to the analysis techniques described
in Section 3.8 for near-field measurements. A similar definition can be defined within
the channel, referred to as “internal divergence.” The internal divergence is a measure of
how much of the total ion current created actually leaves the channel to produce thrust;
thus, this quantity is also a measure of the ion flux loss to the walls. Since most of the
ion beam leaving the channel is axial and most of the ion current to the walls is radial, the

internal divergence is analogous to the plume divergence. The internal divergence angle

I I
W= cosl[I : j = tanl[f—a"s} (7-7)
total b
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The measured ion beam current from the near-field Faraday probe and the total integrated
ion current to the channel walls from the internal wall-mounted probes are used to
determine the internal divergence angle at each operating condition.

Figure 7-34 compares the calculated internal and plume divergence angles at all
nine operating conditions within this study. A rough linear correlation is found between
the two angles, with a non-zero internal divergence occurring at zero plume divergence.
This is physically reasonable, since a perfectly collimated ion beam in the plume would
still hit the walls within the channel due to the Bohm ion flux and accelerating sheath
potentials. The linear fit corresponds to 0.7 degrees of internal divergence for every

degree of plume divergence, with an offset of 20 degrees.
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Figure 7-34. Comparison of internal and plume divergence angles for the nine operating conditions
tested in this study. A rough linear correlation is found between the two angles.

Perfect correlation between the internal and plume divergence angles is not
expected. While both angles depend upon the relative strengths of radial and axial
electric fields, the behavior of the radial electric field as well as the geometry are
fundamentally different within the channel compared to the plume. Despite this
difference, it is interesting to note that a rough correlation still exists and that the increase

in plume divergence and internal divergence is close to 1:1.

7.4  Energy Analysis and Comparison to Prior Measurements

The power carried by ions to the channel walls is very important in the context of

efficiency since the heating of the wall by the plasma can represent a significant energy
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loss. Thermal imaging studies of various thrusters by Mazouffre et al. [79,83] has shown
that the power deposited into the channel walls is on the order of 10% of the discharge
power. Using the estimated incident ion power along the channel walls, comparisons can
be made between the calculated power deposition in this study and prior measurements.

While the average incident ion power to the channel walls was found to be
approximately 11%, not all of this energy is absorbed by the surface. The ion energy
accommodation factor, which is the fraction of incident energy absorbed by the surface,
depends on how well the energy is coupled to the surface matrix. Studies performed by
Kim et al. [84] has shown that the ion accommodation factor is less than unity for ion
energies as high as 400 eV. Figure 7-35 shows the ion accommodation factors measured
by Kim for four different materials; excellent linear behavior is observed within the
energy range tested. From Section 7.2.3, the average incident ion energy varied from 40
to 140 eV, depending on discharge voltage. Given the linear extrapolation for boron
nitride, this corresponds to ion accommodation factors of 0.55 to 0.61. Since under most
operating conditions the average ion energy remained between 40 and 60 eV, an
accommodation factor of 0.55 is chosen for this study.
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Figure 7-35. Measured ion accommodation factors at various incident ion energies for four different
materials. Excellent linear behavior is observed within the energy range tested. Data taken from
Kim et al. [84].

Given the above ion accommodation factor and estimated overall incident ion
power presented in Section 7.2.3, ion power deposition varied from 4.4% to 9.2% of the

discharge power, with an average of 6.3% being deposited to the channel walls. This
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value is in excellent agreement with the 6.5% measured by Mazouffre [79,83] using
calibrated thermal imaging on a similar-power Hall thruster, the PPSX000-ML. It has
been noted by Mazouffre that satisfactory agreement was found between thermal imaging
and internal wall-mounted probe studies by Kim [21] on the PPS®1350-G.

While the above analysis is promising in terms of quantifying the energy loss to
the channel walls, it neglects the contributions of electrons; Mazouffre’s thermal imaging
studies do not differentiate between ion and electron power, while the internal wall-
mounted probes only calculate the ion power deposition. The agreement between the two
studies indicates that the electron contribution to the wall power deposition is likely
small. Indeed, Mazouffre states that the trends observed in power losses to the walls
indicate a mechanism driven by ion bombardment. However, calculations indicate that
the electron power to the wall is significant, mainly due to the effects of secondary

electron emission. The current balance to a floating wall is

ji - je + jse = O’ (7-8)
where j; is the incident ion current density, je is the incident electron current density, and
jse is the emitted secondary electron current density from the wall. Substituting in the

equation for the secondary electron emission coefficient,

Ou Z-%ﬁ-, (7-9)

a relation between the incident ion and electron currents can be found:

!
Je - 1_§W : (7 10)
With each electron that impacts the wall carrying an average of 2T, of energy, the

incident electron power to the wall can be calculated:

P —4nji£ﬂ19

electron — 1_5 (Te)

walls w

Because the secondary electron emission coefficient can be near unity for a

rds. (7-11)

sizeable portion of the channel (see Section 4.5.3 for details on secondary electron
emission from boron nitride), the incident electron current can become over an order of
magnitude higher than the incident ion current. Figure 7-36 shows how the incident
electron current changes as a function of electron temperature for boron nitride. Due to

the secondary electron emission properties of the wall, the electron current can rise from

154



5X the ion current to near 60X the ion current over a short range of temperatures. The
temperature at which this onset of the charge-saturated regime (CSR) in the sheath occurs

can significantly impact the resulting electron power to the wall.
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Figure 7-36. Dependence of the electron-to-ion current ratio to the channel wall on local electron
temperature. The secondary electron emission characteristics of the wall can increase this ratio from
5 to almost 60 over a short range of temperatures.

Figure 7-37 shows the calculated axial profiles of incident ion power density,
electron power density, and electron temperature along the outer wall at 300 V, 20 mg/s
anode flow rate. The axial range where the local electron temperature exceeds the
crossover energy (19.3 eV for boron nitride) is shown with dotted lines. Within this
range, the sheath enters the CSR and the electron power approaches two orders of
magnitude higher than the incident ion power. This rise in electron power is driven by
the increase in incident electron current due to the prolific secondary electron emission
from the channel wall. These trends are consistent with the computational analysis
performed by Ahedo [85].

The electron power properties can change drastically depending on the crossover
energy and the axial range where temperatures exceed this energy. Figure 7-38 shows
the calculated electron power to the walls at 300 V and 20 mg/s, as a function of the
crossover temperature and SEE coefficient at zero incident energy. It is evident that the
electron power substantially drops once the crossover temperature exceeds the maximum
observed temperature in the discharge. Thus, the calculation of incident electron power
is sensitive to uncertainties in the measured electron temperature as well as the secondary

electron emission coefficient. Indeed, a direct calculation yields large electron currents
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that result in incident electron powers greater than the discharge power. While electron
accommodation factors, radiative losses, and energy carried by secondary electrons can
reduce the amount of power absorbed by the walls, the calculated incident electron power
seems unphysical. It is possible that the SEE coefficients have large uncertainty due to

the variation in experimentally determined values [6].
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Figure 7-37. Calculated axial profiles of incident ion power density, electron power density, and
electron temperature along the outer wall at 300 V, 20 mg/s. Around the region where the sheath
enters the charge-saturated regime (CSR), the electron power density rises to nearly two orders of
magnitude higher than the ion power density.
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Figure 7-38. Variation of calculated electron power to the channel walls at 300 V, 20 mg/s, depending
on the electron temperature at which crossover occurs (onset of CSR), as well as the SEE coefficient
at zero incident energy, 8o. The calculated electron power drops significantly once the crossover
temperature exceeds the maximum observed temperature in the discharge.

It is also possible that the measured incident ion current densities have large
errors due to the observed probe degradation after data collection was completed (see
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Section 5.1.2). However, previous internal studies by Kim [19,21] have also shown that
the incident ion current to the channel walls is of the same order as the ion beam current.
Therefore, it is highly unlikely that the uncertainty in the ion current density
measurement can account for the elevated incident electron power. Thus, the role of
secondary electron emission is found to considerably affect not only the sheath potential
but the incident electron current to the wall. Further study is required to fully understand
the impact of secondary electron emission on channel wall losses and related thruster

efficiency.

7.5 Summary

This chapter presented the calculated incident ion power characteristics as a
function of distance from the anode as well as operating condition. In general, the
incident ion power to the channel walls increases as the exit plane is approached. This is
due to the increasing beam energy as the ions pass through the acceleration zone, as the
incident ion current density to the walls drops as the plasma accelerates out of the
channel.

Integration of the incident ion power to the channel walls shows that the total ion
power scales roughly linearly with discharge power, with elevated values found at 150 V
and 500 V discharge voltage. The data taken with the internal wall-mounted probes was
extrapolated to the entire channel length using fitting functions validated from prior
internal measurements [13]. Average ion power to the channel walls was found to be
approximately 11% of the discharge power, with 6.3% of this power actually being
absorbed in the walls. Elevated values at 150 V were found to be caused by large relative
sheath energies and high internal divergence, while elevated values at 500 V were found
to be caused by large relative beam energies and a higher fraction of the walls being
exposed to high-density plasma.

Calculation of the electron power to the channel walls was found to be non-trivial
due to the strong influence of the assumed secondary electron emission (SEE)
characteristics of the wall. The current model for SEE predicts a substantial portion of
the channel to contain space-charge-limited sheaths, which inflates the overall electron
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power to unreasonable values. Further investigation is required to fully characterize the

influence of SEE on the plasma discharge in Hall thrusters.
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Chapter 8

Sputtering Yield Estimates and Implications

This chapter details calculations of channel wall erosion rates using the
experimental data from internal wall-mounted probes. The measured incident ion current
density and ion energy are used with sputtering models to determine local erosion rates
along the channel walls. These rates can then be compared to the observed erosion
profile to determine any necessary changes to the sputtering model.

A brief overview is first given of currently used sputtering models as a function of
incident ion energy and angle. Analysis techniques are then described that allow
determination of the incident ion angle from internal wall-mounted probe data, to be used
in the sputtering models. Local erosion rates are then calculated along the wall and
compared to the experimentally observed erosion profiles of the 6-kW Hall thruster.
Finally, modifications to the sputtering model are suggested based on the observed
discrepancies between calculated and measured erosion profiles.

8.1 Sputtering Yield Overview and Present Models

The sputtering yield of channel wall material from ion bombardment is an
important property that can significantly affect Hall thruster lifetime. Furthermore, the
sputtering yield function is a critical parameter in any lifetime prediction code, as it
ultimately determines the wall recession rate over time. In general, the amount of
sputtered material is a function of incident ion species, energy, and angle, as well as
properties of the wall material itself (see Figure 8-1). Due to its importance, several
studies have been performed to determine the sputter yield as a function of ion energy
and incidence angle; these studies have focused primarily on xenon ion bombardment for
several ceramic materials typically used in Hall thrusters [86-91]. Unfortunately, these

measurements have been found to be difficult, and little agreement is found across
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studies. The dependence of these measurements on surface properties, fabrication
processes, temperature, and moisture absorption further complicate the ability to compare

values across studies.

Energetic ion

/ Sputtered atoms/
molecules

o
e

Figure 8-1. Diagram illustrating the dependence of sputtering yield on incident ion energy, E, and
incidence angle, 0, for a given ion species and wall material.

In this study, the sputtering yield function is assumed to be the product of two

functions for a given ion species and wall material:

Y(E,0)=Y.(E)Y,(8), (8-1)
where Y is the total sputtering yield, Yg is the energy-dependent sputter yield at normal
incidence, and Y, is the angle-dependent sputter yield. This separation of variables is
how sputtering is modeled in HPHall-2 [69,76] and is validated by measurements from
Garnier et al. [87] that show the normalized angular dependence is largely independent of
ion energy.

Measured sputtering yields for boron nitride, the wall material used in the 6-kW
Hall thruster, are somewhat limited in the literature. However, recent measurements
taken by Rubin et al. [86] provide the sputtering yield dependence of boron nitride on
xenon ion energy (including energies below 100 eV) and angle of incidence. These data
are also selected due to the use of a quartz-crystal microbalance (QCM), which provides
higher-fidelity measurements than other experimental techniques. The experimental data
will be fit to various proposed functions to determine a satisfactory sputtering yield

model to be used in this study. This model, as well as the model used in HPHall-2, will
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then be utilized with the internal wall-mounted probe data to predict erosion rates within
the 6-kW Hall thruster.

8.1.1 Energy-dependent Sputter Yield

Various functions have been proposed in the literature to describe the sputter yield
as a function of ion energy at normal incidence. These functions largely vary by how
they model the sputtering at low ion energies (below 100 eV), which is critical in Hall
thruster erosion calculations since most ion energies lie between 50 and 200 eV. Garnier
et al. [87] observed that the sputtering yield is linear with ion energy, although ion
energies below 350 eV were not tested. Abgaryan et al. [91] suggested a simple power
law fit to better model sputtering at low energies. Gamero-Castafio and Katz suggested a
simplified model [76] of the semi-empirical law proposed by Yamamura and Tawara for

monatomic solids at normal incidence [92]:

Y.(E)= AWJE (1-\/%] (6-2)

where A and E, are fitting parameters; E, corresponds to the minimum threshold energy
for sputtering to occur. This model is currently used within HPHall-2 [69], with A =
0.0023 and Ey, = 5.1 eV used for boron nitride . Finally, a function was developed by
Bohdansky [22] to better fit sputtering yields of polycrystalline monatomic solids at

Y.(E)= A{l— [%)A}{l— %} , (8-3)

where A and Ey, are fitting parameters. This model was found by Rubin to best fit
experimental data taken with the QCM [86].

lower impact energies:

Figure 8-2 shows the comparison between the experimental data and the various
proposed fitting functions. While all the models fit the data adequately, they differ
substantially at energies below 60 eVV. The power law fit predicts sputtering occurring at
all energies, while the linear fit and Bohdansky fit both predict energy thresholds around
45 eV. The HPHall-2 fit also predicts an energy threshold, but closer to 30 eV. Due to
the lack of data, it is difficult, if not impossible, to determine the function that more
accurately describes the sputtering yield. Therefore, the simplest model, the linear fit,
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will be chosen as the energy-dependent model for sputtering yield. This model was also

chosen due to the excellent agreement with the experimental data.
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Figure 8-2. Comparison of various fitting functions to experimentally measured values by Rubin et
al. While all functions adequately fit the data, the linear and HPHall-2 fits match the best.

Figure 8-3 compares the proposed linear fit model to that presently used in
HPHall-2. Two features are immediately evident: the threshold energy in the HPHall-2
model is much lower than in the linear fit model, and the predicted yields are much
higher in the linear fit model for energies over 60 eV. This disparity in yield magnitude
is also found between Rubin’s data and other studies [86]; presently there is no concrete
explanation for the difference. Both the linear fit model based on Rubin’s data and the
HPHall-2 model will be used to predict erosion rates in the 6-kW Hall thruster using data

from the internal wall-mounted probes.

0.1 4
5)
£
E
J4 001
@
Q
i
[=)]
-% 0.001 — | & Measured (Rubin)| |-
= — Linear Fit
o | —— HPHall-2 Model
%)
0.0001 ' =
I T T T T I T T T T I T T T T I T T T T I T T T T I
0 50 100 150 200 250

Incident lon Energy [eV]
Figure 8-3. Comparison of the linear fit model to the energy-dependent sputtering yield used in

HPHall-2. The values measured by Rubin are much higher than those predicted by HPHall-2, as
well as previously measured yields.
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8.1.2 Angle-dependent Sputter Yield

Proposed functions to describe the angle-dependent sputter yield are relatively
scarce in the literature. Rubin et al. found the model developed by Yamamura [93] to
adequately fit the experimental data, while Garnier et al. used third-order polynomial fits

[87]. The model presently used in HPHall-2 is that proposed by Pencil et al. [94]:

Y,(0)=1+c,[1-cos(c,o)], (8-4)
where ¢y, €1, and k are fitting parameters; presently ¢, = 0.52663, ¢; = 2.60506, and k =
1.53462 in HPHall-2 for boron nitride. This function was also found to fit well to
experimental data from Garnier [87]. Due to the lack of experimental data from Rubin
above 45°, proper fits could not be completed; however, it will be shown in Section 8.2
that the observed incidence angles do not greatly exceed 45°. Therefore, a curve fit using
Eq. (8-4) on data from Rubin is deemed adequate as the angle-dependent sputter yield
model in this study.

Figure 8-4 compares the cosine fit to Rubin’s data to the model presently used in
HPHall-2. The experimental data from Rubin predicts only a weak dependence on
incidence angle, at least up to 45°. Previous studies show a significant rise in yield at
angles between 60° and 80° [87,90], similar to the model in HPHall-2. Both models will
be used to predict the erosion rates in the 6-kW Hall thruster using data from the internal

wall-mounted probes.
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Figure 8-4. Comparison of the proposed cosine fit to Rubin's data for angle-dependent sputter yield
and that presently used in HPHall-2. The experimental data from Rubin predicts a much weaker
dependence on sputtering angle.
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8.2  Determination of Incident lon Angles

The angle of incidence for ions approaching the channel wall can significantly
affect the resulting sputter yield. Thus, it is important to quantify this angle in order to
obtain a more accurate calculation of the local sputtering yield and resulting wall
recession rate. For planar Langmuir probes, the presence of ion beams can be detected
and their energy estimated [48]. This energy can then be used to determine the angle of
incidence upon the sheath relative to the wall surface.

When a planar Langmuir probe is biased sufficiently high above the local plasma
potential, the ion beam approaching the probe can no longer overcome the potential hill
and is repelled. When this occurs, the beam creates a stagnation point within the sheath,
which forms a large space charge layer. This layer causes the sheath to “bulge” out,
greatly increasing the sheath boundary and associated collection area (see Figure 8-5).
This phenomenon is manifested in the Langmuir probe I-V characteristic as a large

increase in collected electron current.

Probe Probe
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Reflected lon Beam

Figure 8-5. Diagram illustrating the effects of an ion beam on the sheath around a planar Langmuir
probe. When the probe bias is sufficiently high, the ion beam is repelled. This creates a large space
charge layer in the sheath that causes it to bulge out and collect many more electrons.

While the presence of magnetic fields can suppress this phenomenon [48], the
effect was still found to manifest itself in the second derivative of the probe characteristic
(see Figure 8-6). The rise in electron current creates an associated peak in the second
derivative occurring at a probe voltage higher than the local plasma potential. The
voltage at which this peak maximized was taken as the ion beam’s most probable energy
normal to the surface, as this is the energy that can overcome the potential hill created by

the probe.
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Figure 8-6. Representative second derivative of a probe I-V characteristic. The peak occurring at a
voltage above the plasma potential is evidence of an ion beam.

Thus, the beam energy normal to the surface can be determined from the

difference between the peak location and the local plasma potential:

gJ_ = e(\/peak _Vp)' (8'5)
Assuming that ions accelerate electrostatically from anode potential to the local plasma

potential without collisions, the total ion beam energy is

gtotal = e(Vanode _Vp)' (8-6)
Care must be taken to reference the same potential for all these values, such as the
cathode potential. Given these two energies, the associated velocities can be calculated
and used to determine the angle of incidence with respect to the surface:

%
6, =cos™ [ & J : (8-7)

&

total

It should be noted, however, that 6, is the angle of incidence upon the sheath surface. In
order to determine the angle of incidence upon the channel wall, 6, the calculated sheath
energy must be used. Assuming the sheath energy is imparted normal to the surface, and
using conservation of energy, the velocities perpendicular and parallel to the wall may be

calculated and used to determine the angle of incidence at the wall surface:
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Figure 8-7 illustrates the relationship between the various variables used to determine the

ion incidence angle at the channel wall.
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Figure 8-7. Diagram illustrating the various variables used to determine the ion incidence angle at
the channel wall.

Table 8-1 gives the calculated incidence angles along the inner and outer channel
walls at nominal conditions of 300 V, 20 mg/s anode flow rate. Probe locations are given
in units of channel lengths from the exit plane. If no ion beam was detected in the data,
which typically occurred upstream of the acceleration zone where the directed ion energy
is small, the incidence angle was assumed to be normal to the wall (0°). The incidence
angle was found to increase only slightly as the exit plane is approached and the ions gain
more energy from the axial electric field. It should be noted that due to the linear
chamfer present in the erosion rings, the values reported in Table 8-1 do not always
represent the angle with respect to the thruster “r” axis. Indeed, due to the chamfer, the
calculated incidence ion angles represent ion trajectories to the wall in excess of 60° with

respect to the thruster firing axis (“z” axis). These angles are likely the result of the
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strong radial electric fields present near the channel walls, a feature discussed in Chapter
5 and Chapter 6.

Table 8-1. List of calculated incidence angles along the inner and outer channel walls at 300 V, 20
mg/s. Probe locations are given in units of channel lengths from the exit plane. Incidence angles
increase slightly as the exit plane is approached.

Probe Location Along Inner Wall [deg] Along Outer Wall [deg]
z=-0.143 0 0
z=-0.095 0 0
z=-0.071 0 34
z=-0.048 47 38
z=-0.024 48 44

8.3 Calculated Erosion Rates and Profiles

The sputtering models described in Section 8.1 are used with the calculated ion
current densities, energies, and incidence angles from internal wall-mounted probe data
to predict the local erosion rates of the channel wall in the 6-kW Hall thruster. The wall
recession rate can be calculated as

%: iY(E,0)=jY.(E),(9). (8-9)
Uncertainty propagation analysis on Yy(@), given an uncertainty in the measured
incidence angle of £10°, gives an uncertainty for both models of £20%. In addition to the
+40% uncertainty in ion current density and £20% uncertainty in Yg(E) (since the
function is roughly linear with ion energy), there is an estimated +80% uncertainty in the
calculated recession rate. Due to similarities in the data, only values along the outer wall
will be presented.

Comparison of predicted erosion rates to those experimentally observed is
complicated due to the numerous conditions the thruster was operated under during the
first few hundred hours of lifetime. Operating conditions of 300 V, 10 and 20 mg/s
anode flow rate represent approximately 60% of the total operating time, while the
remaining 40% is divided between several different operating conditions between 150
and 600 V, and 10 and 30 mg/s anode flow rate. Approximately 20% of the operating

time is at 150 V, where ion energies at the wall are much lower and less erosion is
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expected. Much of the remaining time occurs at 300 V, 30 mg/s anode flow rate, and 600
V, 10 mg/s anode flow rate, where erosion rates are expected to be higher. In order to
simplify the analysis, the thruster was assumed to operate the full 334 operational hours
at 300 V, 10 and 20 mg/s. The thruster was run for an equal amount of time for each of
these operating conditions, so the 334 hours was divided evenly between the two. Also,
the wall recession rate was assumed to occur purely in the radial direction. While the
wall recedes strictly in the direction normal to the surface, the small operating time limits
this error to within 10%.

Figure 8-8 shows the predicted erosion rates using the sputtering model in
HPHall-2 given the data from 300 V, 10 mg/s anode flow rate and 300 V, 20 mg/s anode
flow rate. The expected local erosion rates based off the measured erosion profile is
shown for comparison. At all locations, the model predicts a much higher erosion rate
than what is observed. The general profile shape of much higher erosion at the exit plane

is consistent across all calculations.
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Figure 8-8. Comparison of predicted erosion rates using the HPHall-2 sputtering model, based off
data from 300 V, 10 mg/s and 300 V, 20 mg/s, to those expected based off the measured erosion
profile. The model predicts much higher erosion rates at all locations, but matches the expected
profile shape. Uncertainty bounds are omitted for clarity.

Figure 8-9 shows predicted erosion rates using the model derived from Rubin’s
experimentally determined sputtering yields [86], referred to as the “Rubin-based model.”
Yields were calculated at 300 V, 10 mg/s anode flow rate and 300 V, 20 mg/s anode flow
rate, and compared to the expected erosion rates based off the measured erosion profile.

As with the HPHall-2 model, the Rubin-based model predicts much higher erosion rates
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than what is experimentally observed. However, the Rubin-based model more accurately
predicts the low erosion rates far back in the channel; this is due to the higher threshold
energy of 43 eV.

Due to the large difference between predicted and observed erosion rates, it is
possible that redeposition of wall material, not accounted for in this analysis, could
reduce the local erosion rates to the values that are experimentally observed.
Furthermore, the lack of erosion deep inside the channel despite large ion current
densities could be due to redeposition from the opposing wall, since incidence angles are
normal to the surface. However, studies by Rubin [86] on the angular distribution of
sputtered material show a hemispherical distribution even at normal incidence; that is,
there is a significant fraction of material sputtered at non-normal angles from the surface.
This makes it unlikely that redeposition prevents net erosion deep in the channel. It is
more likely that typical ion energies in this region do not meet a minimum energy
threshold for sputtering to occur. Furthermore, numerical studies by Sullivan et al. [95]
show that the deposition rates at moderate voltages do not exceed 20% of the peak
erosion rates. Thus, redeposition is likely not the cause of the large differences between
predicted and observed erosion rates.

The uncertainties associated with the sputtering yield model could also explain
the difference between predicted and observed values. It has been mentioned previously
that the measured values by Rubin et al. [86] are much higher than those measured in
previous studies. Based on expected differences between the amount of sputtered
material and the amount of material condensable on the QCM, the total reported
sputtering yields were higher than the condensable yields by over 50%. Due to these
uncertainties, the data from the internal wall-mounted probes are used instead to estimate
the energy-dependent sputtering yield required to match observed profiles, presented in

the following section.
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Figure 8-9. Comparison of predicted erosion rates using the Rubin-based sputtering model, based off
data from 300 V, 10 mg/s and 300 V, 20 mg/s, to those expected based off the measured erosion
profile. While the Rubin-based model more accurately predicts the very low erosion rates far back
in the channel, the predicted erosion rates are much higher near the exit plane than those predicted
by the HPHall-2 model. Uncertainty bounds are omitted for clarity.

8.4 Calculated Sputtering Yield Functions

Due to the uncertainty associated with the sputtering yield function, the ion
current densities, energies, and incidence angles from internal wall-mounted probe data
are used to determine the required energy-dependent sputtering yield to match observed
erosion rates in the 6-kW Hall thruster. Equation (8-9) is used to determine Yg along the
outer channel wall at operating conditions of 300 V, 10 mg/s anode flow rate and 300 V,
20 mg/s anode flow rate. Since the functions for Y, differed between the HPHall-2
model and the Rubin-based model, both were used to obtain estimates of the energy-
dependent sputter yield.

Figure 8-10 shows the calculated energy-dependent sputtering yield using the
HPHall-2 model for angle-dependent sputter yield. Values calculated from 300 V, 20
mg/s anode flow rate and 300 V, 10 mg/s anode flow rate were also averaged based on
their relative amount of charge delivered to the surface in order to represent a more
accurate sputtering yield. Using Eq. (8-9), the recession rate is equal to

dr .
E = Ji,avgYE,avg (E)Yé’,avg (0) (8_10)
Assuming that the recession rate is approximately equal in time for each operating

condition,
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Ar ~ ji,avgYE,avg (E)Ye,avg (Q)At = z ji,mYE,m(E)YH,m (Q)Atm (8-11)
where m is summed over all operating conditions. Solving for the average sputtering

yield:

Jim Y,.(0) At
Y...\E)= =Y. (E)— n
E,avg( ) ; jivavg E.m( )ngavg (9) At

Since the sputter yield is only a weak function of incident angle over the observed range

(8-12)

of values, the ratio of Yy,./Yy.e is set equal to unity for simplicity. Using charge
conservation, it can be shown that the average incident current density is equal to
: At
Ji‘avg _Eji,m At '
Thus, the averaged sputter yield is weighted based on the relative incident current

(8-13)

densities and durations of operation. The average incident ion energy is calculated in a
similar manner.

The calculated sputter yield is very low at energies below 50 eV, with typical
values on the order of 4 x 10° mm®C at energies of 200 eV. Figure 8-11 shows the
calculated energy dependent sputter yield using the Rubin-based model for angle-
dependent sputter yield. Results between the two models are very similar; it is evident
that the sputter yield has a much weaker dependence on angle than energy, at least for
incidence angles less than 45°.
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Figure 8-10. Calculated energy-dependent sputter yields using the HPHall-2 model for angle-
dependent sputtering yield, given data at 300 V, 10 mg/s and 300 V, 20 mg/s. The data was also
weight-averaged by the relative amounts of total charge for each operating condition to represent a
more accurate sputtering yield.
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Figure 8-11. Calculated energy-dependent sputter yields using the Rubin-based model for angle-
dependent sputtering yield, given data at 300 V, 10 mg/s and 300 V, 20 mg/s. The data was also
weight-averaged by the relative amounts of total charge for each operating condition to represent a
more accurate sputtering yield.

Figure 8-12 shows the charge-averaged energy-dependent sputtering yields using
both the HPHall-2 and Rubin-based angle-dependent sputtering yield equations. Of all
the energy-dependent models discussed in Section 8.1.1, the Bohdansky model in Eq.
(8-3) best fits the data. The corresponding threshold energies are 27.1 + 1.4 eV for the
Rubin-based model and 23.9 + 3.1 eV for the HPHall-2 model. This is consistent with
the low erosion rates observed deep in the channel despite the presence of large ion

current densities and energies in excess of 30 eV.
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Figure 8-12. Comparison of calculated charge-averaged energy-dependent sputter yields using

HPHall-2 and Rubin-based angle-dependent sputtering yields. Curve fits using the Bohdansky
model are also included, showing excellent agreement.
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The sputtering models shown in Figure 8-12 can not strictly be used due to the
numerous simplifying assumptions involved in their calculation. However, a few valuable
features can be taken from the data and used to better sputtering yield functions used in
lifetime models. These features and their validation are discussed in the following

section.

8.5 Suggested Features of Sputtering Yield Model

Despite the simplifying assumptions of the sputtering yield calculations in
Sections 8.3 and 8.4, a few important features of the derived energy-dependent sputtering
yield can be used to improve the functions used in lifetime prediction models.

1. Energy thresholds greater than 25 eV. Despite large measured ion current
densities upstream of the acceleration zone, very little erosion is observed.
Since sheath energies in this region are typically 30 — 50 eV, the expected
energy threshold for sputtering to occur should be in this vicinity. The energy
thresholds predicted by the calculated sputtering yields were 25 — 30 eV,
while that predicted by Rubin’s experimental data [86] was 43 eV, given the
fitting function proposed by Bohdansky [22].

2. Sputtering yields at normal incidence on the order of 3 x 10° mm?/C for
ion energies of 100 eV. In order to match observed erosion profiles, the
required sputter yield at normal incidence was on the order of a few
thousandths of a mm®/C. This value is likely an underestimate due to the
assumption that the thruster was run for a full 334 hours at 300 V, 10 and 20
mg/s, even though it was only run for 60% of that time at those operating
conditions. Furthermore, the uncertainty associated with the measured ion
current densities would also underestimate the calculated sputter yield. The
typical values in the HPHall-2 model, as well as prior sputtering yield studies
(excluding that of Rubin et al. [86]) appear to be the correct order of
magnitude.

3. A dependence on ion energy that resembles the function proposed by
Bohdanksy. The functional form of the calculated energy-dependent sputter

yield appears to have excellent agreement with the function proposed by
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Bohdansky. This function was also found by Rubin to match well with
experimental data taken with the QCM [86]. Characteristics of this function
include a slow rise in sputtering yield at energies near the energy threshold,
followed by a sharp rise at moderate energies (~ 100 eV), and a more gradual
rise at high energies (> 200 eV). The slow initial rise in sputtering yield likely
contributes to the low erosion rates observed when only sheath energies (< 50
eV) are present.
The above recommendations represent only minor modifications to the model presently
used in HPHall-2. However, the change in behavior at low ion energies due to the higher
threshold energy and use of the Bohdansky function will likely affect erosion profiles
deeper in the channel where sheath energies dominate the sputtering yield. These
modifications should improve the ability to predict erosion rates within present Hall

thruster lifetime prediction codes.

8.6 Summary

This chapter investigated the predictive capability of present sputtering models by
comparing calculated erosion rates using the internal wall-mounted probe data to those
that were experimentally observed in the 6-kW Hall thruster. Models based on data taken
by Rubin et al. [86] as well as the present model used in HPHall-2 [69] appears to predict
much higher erosion rates than those inferred from the measured erosion of the thruster.

The data from the internal wall-mounted probes were also used to calculate the
sputtering yields required to reproduce the measured erosion profiles. This energy-
dependent sputtering yield was found to resemble the model proposed by Bohdanksy [22]
with an energy threshold of at least 25 eV for sputtering to occur. This threshold is
consistent with the lack of significant erosion observed upstream of the acceleration zone,
despite large measured ion currents to the walls; sheath energies are expected to be
limited to 50 eV. This sputtering model represents minor modifications to the present
model in HPHall-2, and should improve the predictive capabilities of such Hall thruster

codes and lifetime models.
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Chapter 9

Conclusions

9.1 Dissertation Summary

The primary purpose of the work presented in this dissertation is to
experimentally characterize the interaction between the plasma and the channel walls of a
Hall thruster. This includes measurements of various plasma properties that are relevant
towards energy losses to the channel walls as well as erosion of the wall, which is known
to be a life-limiting mechanism for these devices. A rigorous experimental study of the
near-wall region was required to better understand these plasma-wall interactions and
how they affect thruster performance and lifetime. These measurements also help to
validate and refine ongoing modeling efforts that seek to reduce expensive life tests
currently required to qualify flight articles.

Internal wall-mounted Langmuir probes were instrumented along the inner and
outer channel walls of a 6-kW Hall thruster near the exit plane. Studies were first
performed to characterize the behavior of data from flush-mounted Langmuir probes,
including ion saturation current, plasma potential, and sheath potential. These studies
have improved the fidelity and accuracy of data analysis techniques over the use of
traditional Langmuir probe theory. Techniques were also described that allow the
determination of incident angles of ions upon the sheath surface, an important quantity in
the sputtering of wall material and thruster lifetime.

Comparison of plasma properties along the channel wall to internal measurements
taken by Reid [13] show that the acceleration of the plasma near the wall begins further
upstream than within the rest of the channel. This tends to create large radial electric
fields that defocus the ion beam and direct the flow towards the channel walls. Large

radial gradients in plasma number density were found to be cause of these defocusing
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fields, despite the use of a plasma lens magnetic field topology. These features have been
accurately reproduced in the hybrid-PIC simulation program HPHall-2.

Measured sheath potentials along the channel walls have indicated the presence of
a high-energy electron population with energies greater than four electron temperatures.
Furthermore, local measurements of the electron energy distribution function have shown
that the electrons near the wall resemble a drifting Maxwellian distribution, with a drift
velocity on the order of the E x B velocity. These findings are evidence of thermalization
processes present in the channel that are able to replenish the high-energy population of
electrons. The presence of thermalization validates the significance of secondary electron
emission in determining the sheath potential, as described by the Hobbs and Wesson
solution [42] and used in the hybrid-PIC code HPHall-2.

Calculations of the incident ion power to the channel walls have shown that this
power scales roughly linearly with discharge power. However, elevated values were
found at voltages below 200 V as well as above 400 V. At these voltages, increased ion
current to the wall as well as higher ion energies were measured. At low voltages, a high
ion beam divergence was attributed to the increase in ion current, while large relative
sheath energies were found to be the cause of the elevated ion energies. At high voltages,
increased wall surface area exposed to the plasma was found to increase the overall ion
current to the wall, while higher beam energies caused the rise in ion energy.

Analysis of the required sputtering yield of wall material to reproduce observed
profiles has shown several necessary features. Despite the presence of large ion currents
to the wall upstream of the acceleration zone, little to no erosion is observed. Thus, it is
likely that the energy threshold for sputtering is higher than typical sheath energies,
around 25-30 eV. Also, the sputtering dependence on energy was found to resemble the
model proposed by Bohdansky [22], which includes a slow rise in sputtering at lower
energies (below 50 eV). Inclusion of these features in erosion models should improve

their lifetime prediction capabilities of Hall thrusters.

9.2 Recommendations for Future Work

The research contained within this dissertation has not only improved the

implementation and data analysis of internal wall-mounted probes, but has contributed
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towards the understanding of plasma-wall interactions and how they affect thruster
performance and lifetime. However, several interesting features observed in this work
deserve further study that was beyond the scope of this dissertation.

While magnetic field effects on probe characteristics were found to be largely
negligible, ion flow parallel to the probe surface was found to significantly affect the
measured floating potential and electron temperature. In this particular study, the ion
beam was never found to flow parallel to the channel surface; however, as the wall
continues to erode, it is possible that the flow angle with respect to the surface could
change. Therefore, a deeper characterization of how this condition affects flush-mounted
Langmuir probe data would improve the use of this diagnostic in Hall thrusters.

Measured electron energy distribution functions indicated a Maxwellian electron
population with a velocity drift on the order of the E x B velocity. However, this velocity
is expected to be in the azimuthal direction, and thus likely could not be detected by the
internal wall-mounted probes. Further measurements of distribution functions within the
channel are necessary to verify this finding, and provide additional insight into the
possible drift velocity and implications on measured electron temperatures within the
channel. High-speed Langmuir probe measurement techniques [39] currently being
developed would allow for rapid collection of high-fidelity, time-resolved distribution
functions within the channel. These measurements would greatly enhance the
understanding of electron dynamics and plasma-wall interactions in Hall thrusters.

While the presence of thermalization provided evidence of the strong dependence
of sheath potentials on secondary electron emission, the use of this model to estimate
electron losses to the channel walls gave unphysical results. This calculation is very
sensitive to the secondary electron emission characteristics of the wall, including the
crossover energy used. Since the secondary electron emission properties of the wall
material significantly affect sheath properties and electron power losses, an in-depth
investigation is warranted to fully characterize these properties for various materials used
in Hall thrusters. In particular, probing of the sheath would help in verifying the presence
of a space-charge-saturated regime. Dependence of these properties on material
temperature, up to values typically observed in Hall thruster channel walls (> 600 K)

[83], is also warranted. Deeper understanding of secondary electron emission in Hall
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thrusters will not only refine ongoing modeling efforts but also improve Hall thruster

design for longer lifetimes and enhanced performance.
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Appendix A

6-kW Hall Thruster Performance Data
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Table A-1. Thruster performance values for the 6-kW Hall thruster at all presented operating conditions.

V4 [V] Vg [V] 4 [V] Pq[W] m, [ma/s]  m_ [ma/s] IM [A] OM [A] P mag [W] Thrust 7, Pressure
[mN] [torr-xe]

150 -12.6 8.90 1335 10 0.7 2.10 1.88 14 110 0.453 5.0x10°
150 -9.0 21.4 3210 20 1.4 2.58 2.33 18 250 0.487 8.8x10°
150 -8.5 35.7 5355 30 2.1 2.79 2.50 27 388 0.469 1.2 x 10°
200 -13.0 8.93 1786 10 0.7 2.10 1.88 13 138 0.533 5.0 x 10°
250 -13.2 8.73 2198 10 0.7 2.20 1.96 15 159 0.575 5.0 x 10°
300 -13.6 8.72 2619 10 0.7 2.39 2.14 17 180 0.619 5.0 x 10°®
300 -10.3 20.1 6030 20 1.4 2.99 2.70 29 385 0.614 8.8x10°
400 -14.1 8.85 3540 10 0.7 3.19 2.86 33 213 0.641 5.0 x10°
500 -14.4 8.99 4495 10 0.7 4.19 3.75 58 245 0.668 5.0 x10°



Appendix B

Additional Internal Wall-mounted Probe Data

Table B-1. Measured values along the channel walls at 150 V and 10 mg/s anode flow rate.

Position V¢ [V] V, [V] T, [eV] ji [A/m?]

Inner wall, z=-0.143 106 145 9.0 691
Inner wall, z =-0.095 -- 143 18.6 --

Inner wall, z =-0.071 66 143 17.5 440
Inner wall, z =-0.048 52 140 16.0 752
Inner wall, z =-0.024 37 124 14.1 281
Outer wall, z=-0.143 106 146 8.8 345
Outer wall, z = -0.095 81 144 14.4 360
Outer wall, z=-0.071 69 145 16.3 320
Outer wall, z=-0.048 53 140 12.6 285
Outer wall, z=-0.024 39 118 13.8 285

Table B-2. Calculated values along the channel walls at 150 V and 10 mg/s anode flow rate.

Position Ni,Bohm NiBeam Esheath [eV] €beam [eV] Pion 0 [deg]
[m*] [m*] [W/m?]
Inner wall, z=-0.143 1.7 x 10%® -- 35 4.7 2.8 x10* 0
Inner wall, z = -0.095 -- -- 34 6.7 -- 0
Inner wall, z=-0.071 7.7 x 10" - 42 7.3 2.1 x10* 0
Inner wall, z=-0.048 1.4 x 10%® - 46 10 4.2 x10* 0
Inner wall, z=-0.024 5.5 x 10" - 46 26 2.0 x10* 0
Outer wall, z=-0.143 8.5 x10" -- 35 4.2 1.3 x10* 0
Outer wall, z=-0.095 6.9 x10" -- 46 5.7 1.9 x10* 0
Outer wall, z=-0.071 5.8 x10Y -- 46 5.4 1.6 x10* 0
Outer wall, z=-0.048 5.9 x10" -- 44 9.6 1.5 x10* 0
Outer wall, z=-0.024 5.6 x10" -- 46 32 2.2 x10* 0
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Table B-3. Measured values along the channel walls at 150 V and 20 mg/s anode flow rate.

Position Vs [V] V, [V] T. [eV] ji [A/m?]

Inner wall, z=-0.143 114 145 6.4 1578
Inner wall, z = -0.095 -- 142 16.1 --

Inner wall, z=-0.071 65 139 17.2 1022
Inner wall, z=-0.048 47 134 16.7 1694
Inner wall, z=-0.024 28 122 14.8 590
Outer wall, z=-0.143 111 145 6.9 763
Outer wall, z =-0.095 79 142 14.8 871
Outer wall, z = -0.071 63 141 16.5 689
Outer wall, z = -0.048 44 134 13.6 668
Outer wall, z=-0.024 31 107 13.2 607

Table B-4. Calculated values along the channel walls at 150 V and 20 mg/s anode flow rate.
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Position Ni Bohm NiBeam Esheath [EV]  €peam [€V] Pion 0 [deg]
[m°] [m°] [W/m?]
Inner wall, z=-0.143 4.5 x 10 -- 27 5.3 5.0 x 10* 0
Inner wall, z = -0.095 - - 46 8.4 - 0
Inner wall, z=-0.071 1.8 x 10 -- 43 11 5.6 x 10* 0
Inner wall, z=-0.048 3.0 x 10% -- 45 16 1.0 x 10° 0
Inner wall, z=-0.024 1.1 x 10% -- 47 28 4.4 x 10* 0
Outer wall, z=-0.143 2.1 x 10"® - 28 5.3 2.5 x 10* 0
Outer wall, z=-0.095 1.7 x 10"® - 47 8.3 4.8 x 10* 0
Outer wall, z=-0.071 1.2 x 10" - 45 8.8 3.7 x 10* 0
Outer wall, z=-0.048 1.3 x 10"® - 46 16 4.1 x 10* 0
Outer wall, z=-0.024 1.2 x 10" - 45 43 5.3 x 10* 0
Table B-5. Measured values along the channel walls at 150 V and 30 mg/s anode flow rate.
Position V¢ [V] V, [V] T, [eV] ji [A/m?]
Inner wall, z=-0.143 114 146 6.7 2258
Inner wall, z = -0.095 -- 144 22.9 --
Inner wall, z = -0.071 51 141 17.5 1212
Inner wall, z=-0.048 38 140 18.5 2100
Inner wall, z =-0.024 23 125 18.1 1107
Outer wall, z = -0.143 105 145 7.3 1364
Outer wall, z = -0.095 63 143 16.2 1189
Outer wall, z = -0.071 48 142 17.6 948
Outer wall, z = -0.048 34 134 16.2 907
Outer wall, z = -0.024 19 115 19.8 862



Table B-6. Calculated values along the channel walls at 150 V and 30 mg/s anode flow rate.

Position n[i,Bogjn r;:i,Begf Esheath [EV]  €peam [€V] I:V\F;/ion 2] 0 [deg]
m m m
Inner wall, z=-0.143 6.4 x 10 -- 27 3.6 7.0 x 10 0
Inner wall, z = -0.095 - - 23 6.4 - 0
Inner wall, z=-0.071 2.1 x 10 -- 42 9.2 6.2 x 10* 0
Inner wall, z=-0.048 3.6 x 10 -- 35 11 9.5 x 10* 0
Inner wall, z=-0.024 1.9 x 10 -- 38 25 7.0 x 10* 0
Outer wall, z=-0.143 3.7 x 10® -- 30 5.1 4.7 x 10* 0
Outer wall, z=-0.095 2.2 x 10"® - 46 7.3 6.3 x 10* 0
Outer wall, z=-0.071 1.7 x 10"® - 42 7.7 4.7 x 10* 0
Outer wall, z=-0.048 1.6 x 10"® - 46 16 5.6 x 10* 0
Outer wall, z=-0.024 1.4 x 10" - 20 35 4.7 x 10* 0
Table B-7. Measured values along the channel walls at 200 V and 10 mg/s anode flow rate.
Position Vs [V] V, [V] T. [eV] ji [A/m?]
Inner wall, z =-0.143 123 196 13.3 727
Inner wall, z = -0.095 -- 191 28.2 --
Inner wall, z=-0.071 56 186 22.9 287
Inner wall, z=-0.048 42 163 20.1 422
Inner wall, z =-0.024 27 109 20.2 211
Outer wall, z = -0.143 122 196 15.0 414
Outer wall, z = -0.095 81 192 23.1 304
Outer wall, z = -0.071 62 170 21.3 195
Outer wall, z = -0.048 43 136 17.8 215
Outer wall, z = -0.024 29 123 20.0 192
Table B-8. Calculated values along the channel walls at 200 V and 10 mg/s anode flow rate.
Position n[i,BoQ:in r}i,Begf Esheath [eV] €beam [eV] [V\F;/ion 2] 0 [deg]
m m m
Inner wall, z=-0.143 1.5 x 10" -- 45 3.7 3.6 x 10* 0
Inner wall, z = -0.095 - - 29 9.3 - 0
Inner wall, z=-0.071 4.4 x 10~ -- 23 15 1.1 x 10* 0
Inner wall, z=-0.048 6.9 x 10 -- 21 37 2.4 x 10* 0
Inner wall, z=-0.024 3.4 x10" 1.5x 10" 21 92 2.4 x 10* 35
Outer wall, z=-0.143 7.8 x 10"/ - 47 3.6 2.1 x 10* 0
Outer wall, z=-0.095 4.6 x 10"/ - 24 8.4 9.7 x 10° 0
Outer wall, z=-0.071 3.1 x 10"/ - 22 30 1.0 x 10* 0
Outer wall, z=-0.048 3.7 x10Y 2.3 x 10" 40 64 2.2 x 10* 39
Outer wall, z=-0.024 3.1 x 10"/ -- 20 78 1.9 x 10* --
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Table B-9. Measured values along the channel walls at 250 V and 10 mg/s anode flow rate.

Position V¢ [V] V, [V] T, [eV] ji [A/m?]

Inner wall, z=-0.143 147 249 23.2 720
Inner wall, z =-0.095 -- 217 33.8 --

Inner wall, z =-0.071 64 181 28.7 254
Inner wall, z =-0.048 49 157 20.2 309
Inner wall, z = -0.024 33 130 20.7 180
Outer wall, z=-0.143 136 249 27.1 430
Outer wall, z = -0.095 92 209 24.5 251
Outer wall, z=-0.071 69 177 21.8 153
Outer wall, z=-0.048 47 148 18.0 153
Outer wall, z=-0.024 29 129 23.9 180

Table B-10. Calculated values along the channel walls at 250 V and 10 mg/s anode flow rate.
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Position Ni,Bohm NiBeam Esheath [eV] €beam [eV] Pion 0 [deg]
[m?] [m?] [W/m?]
Inner wall, z=-0.143 1.1 x 10™ -- 24 1.0 1.8 x 10° 0
Inner wall, z =-0.095 -- -- 34 33 -- 0
Innerwall, z=-0.071  35x 10" 2.3 x 10" 29 69 2.5 x 10* 38
Inner wall, z=-0.048 5.0 x 10" 3.5 x 10 21 93 3.5 x 10* 53
Innerwall, z=-0.024 29x10" 1.7 x 10" 21 120 2.5 x 10* 53
Outer wall, z=-0.143 6.0 x 10"/ -- 28 1.1 1.2 x 10* 0
Outer wall, z=-0.095 3.7 x10Y 3.1 x 10" 25 41 1.7 x 10* 37
Outer wall, z=-0.071 2.4 x10Y 1.3 x 10" 22 73 1.5 x 10* 39
Outer wall, z=-0.048 2.6 x 10 1.5 x 10" 39 102 2.2 x 10* 46
Outer wall, z=-0.024 2.7x10Y 1.6 x 10" 24 121 2.6 x 10* 51
Table B-11. Measured values along the channel walls at 300 V and 10 mg/s anode flow rate.
Position Vi [V] V, [V] T. [eV] ji [A/m?]
Inner wall, z =-0.143 176 300 33.8 786
Inner wall, z = -0.095 -- 237 41.0 -
Inner wall, z = -0.071 73 193 31.8 225
Inner wall, z = -0.048 54 170 24.6 311
Inner wall, z = -0.024 34 141 26.1 189
Outer wall, z = -0.143 159 299 33.7 440
Outer wall, z = -0.095 107 238 27.2 234
Outer wall, z = -0.071 79 195 23.6 125
Outer wall, z = -0.048 55 155 22.1 129
Outer wall, z = -0.024 33 135 28.1 158



Table B-12. Calculated values along the channel walls at 300 V and 10 mg/s anode flow rate.

Table B-14. Calculated values along the channel walls at 300 V and 20 mg/s anode flow rate.

Position Ni Bohm NiBeam Esheath [EV]  €peam [€V] Pion 0 [deg]
[m°] [m°] [W/m?]
Inner wall, z=-0.143 9.9 x 10" -- 34 0.1 2.7 x 10° 0
Inner wall, z = -0.095 - - 42 63 - 32
Innerwall, z=-0.071  2.9x10" 1.4 x 10" 32 107 3.1 x 10* 32
Inner wall, z=-0.048 4.6 x 10 -- 25 130 4.8 x 10* --
Inner wall, z=-0.024  2.7x107 1.0 x 10" 27 159 3.5 x 10* 37
Outer wall, z=-0.143 5.5 x 10"/ -- 34 0.9 1.5 x 10* 0
Outer wall, z=-0.095 3.3x10Y  2.0x 10" 28 62 2.1 x 10* 33
Outer wall, z=-0.071  1.9x10Y 7.7 x10% 24 105 1.6 x 10* 32
Outer wall, z=-0.048 2.0x10Y 6.9 x10% 23 145 2.2 x 10* 34
Outer wall, z=-0.024 2.2x10Y 8.2x10% 29 166 3.1 x 10* 36
Table B-13. Measured values along the channel walls at 300 V and 20 mg/s anode flow rate.
Position Vs [V] V, [V] T. [eV] ji [A/m?]
Inner wall, z = -0.143 237 295 9.7 1201
Inner wall, z = -0.095 -- 293 26.5 --
Inner wall, z=-0.071 97 290 35.7 713
Inner wall, z=-0.048 61 215 35.5 968
Inner wall, z =-0.024 27 152 26.2 443
Outer wall, z = -0.143 190 295 135 796
Outer wall, z = -0.095 143 294 35.2 832
Outer wall, z = -0.071 92 240 27.0 418
Outer wall, z = -0.048 51 163 21.4 320
Outer wall, z = -0.024 24 129 28.1 386

Position Ni,Bohm NiBeam Esheath [eV] €beam [eV] Pion 0 [deg]
[m°] [m?] [W/m?]
Inner wall, z=-0.143 2.8 x 10™® -- 37 5.1 5.1 x 10* 0
Inner wall, z = -0.095 - - 27 75 - 0
Inner wall, z=-0.071 8.7 x 10Y -- 36 9.9 3.3 x 10* 0
Inner wall, z=-0.048 1.2x10® 1.1x10% 36 85 1.2 x 10° 47
Inner wall, z=-0.024  6.3x10Y 3.2 x 10" 27 148 7.8 x 10* 48
Outer wall, z=-0.143 1.6 x 10 - 46 5.1 4.0 x 10* 0
Outer wall, z=-0.095 1.0 x 10 - 36 6.1 3.5 x 10* 0
Outer wall, z=-0.071 59 x 10" 3.8 x 10" 28 60 3.6 x 10* 34
Outer wall, z=-0.048 5.0 x 10" 1.9 x 10" 22 138 5.1 x 10* 38
Outer wall, z=-0.024 53 x 10" 2.3 x10Y 29 171 7.7 x 10* 44
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Table B-15. Measured values along the channel walls at 400 V and 10 mg/s anode flow rate.

Position V¢ [V] V, [V] T, [eV] ji [A/m?]

Inner wall, z=-0.143 208 348 27.8 544
Inner wall, z =-0.095 -- 277 46.2 --

Inner wall, z =-0.071 75 218 375 169
Inner wall, z =-0.048 50 196 30.5 221
Inner wall, z = -0.024 36 170 32.4 124
Outer wall, z=-0.143 173 325 37.5 433
Outer wall, z = -0.095 101 264 33. 121
Outer wall, z=-0.071 69 201 29.6 96
Outer wall, z=-0.048 47 164 28.0 71
Outer wall, z=-0.024 7 161 43.4 159

Table B-16. Calculated values along the channel walls at 400 V and 10 mg/s anode flow rate.
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Position Ni,Bohm NiBeam Esheath [eV] €beam [eV] Pion 0 [deg]
[m?] [m?] [W/m?]
Inner wall, z=-0.143  7.5x 10" 5.7 x 10" 28 52 4.4 x 10° 57
Inner wall, z =-0.095 -- -- 47 123 -- 45
Innerwall, z=-0.071  2.0x 10" 9.2 x 10% 38 182 3.7 x 10* 41
Inner wall, z=-0.048 2.9x 10"  1.1x 10" 31 204 5.2 x 10* 40
Innerwall, z=-0.024 1.6x 10"  7.7x10% 33 230 3.3 x 10* 52
Outer wall, z=-0.143 52 x10Y 3.2 x 10" 38 75 4.9 x 10* 49
Outer wall, z=-0.095 1.5x10Y 8.6 x 10% 34 136 2.1 x 10* 44
Outer wall,z=-0.071  1.3x10Y 4.3 x10% 30 199 2.2 x 10* 33
Outer wall, z=-0.048 9.7 x10'® 3.0 x10% 29 236 1.9 x 10* 36
Outer wall, z=-0.024 1.8x10Y 1.0 x 10" 44 239 4.5 x 10* 52
Table B-17. Measured values along the channel walls at 500 V and 10 mg/s anode flow rate.
Position Vi [V] V, [V] T. [eV] ji [A/m?]
Inner wall, z =-0.143 188 289 34.2 355
Inner wall, z = -0.095 -- 283 61.1 -
Inner wall, z = -0.071 66 158 21.7 61
Inner wall, z = -0.048 36 134 23.7 111
Inner wall, z = -0.024 27 132 27.5 87
Outer wall, z = -0.143 160 312 44.2 301
Outer wall, z = -0.095 85 233 34.6 83
Outer wall, z = -0.071 59 172 35.1 77
Outer wall, z = -0.048 20 151 43.9 96
Outer wall, z = -0.024 24 123 32.2 100



Table B-18. Calculated values along the channel walls at 500 V and 10 mg/s anode flow rate.

Position Ni Bohm NiBeam Esheath [EV]  €peam [€V] Pion 0 [deg]
[m*] [m*] [W/m?]
Inner wall, z=-0.143 4.4 x 10" 1.8 x 10" 35 211 8.7 x 10° 63
Inner wall, z = -0.095 - - 62 217 - 37
Innerwall, z=-0.071 9.5x10® 2.1x10% 22 342 2.2 x 10* 36
Inner wall, z=-0.048 1.7 x 10Y -- 24 366 4.3 x 10* --
Inner wall, z=-0.024 1.2x10Y 2.8x10% 28 368 3.4 x 10* 32
Outer wall, z=-0.143  3.3x 10" 1.9 x 10V 45 188 7.0 x 10* 68
Outer wall, z=-0.095 1.0 x 10 3.3 x 10 35 267 2.5 x 10* 35
Outer wall, z=-0.071 9.4 x10® 3.0x 10" 36 328 2.8 x 10* 41
Outer wall, z=-0.048 1.1 x 10" 3.6 x 10" 45 349 3.8 x 10* 40
Outer wall, z=-0.024 1.3x 10" 3.6 x 10" 33 377 4.1 x 10* 40
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Appendix C

Additional Near-field Faraday Probe Data
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Figure C-1. Near-field ion current density contour map at 200 V and 10 mg/s anode flow rate.
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Figure C-2. Near-field ion current density contour map at 250 V and 10 mg/s anode flow rate.
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Figure C-3. Near-field ion current density contour map at 300 V and 20 mg/s anode flow rate.
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Figure C-4. Near-field ion current density contour map at 400 V and 10 mg/s anode flow rate.
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Figure C-5. Near-field ion current density contour map at 500 V and 10 mg/s anode flow rate.
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Figure C-6. Calculated ion beam current as a function of axial distance at 200 V and 10 mg/s anode
flow rate.
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Figure C-7. Calculated ion beam current as a function of axial distance at 250 V and 10 mg/s anode
flow rate.
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Figure C-8. Calculated ion beam current as a function of axial distance at 300 VV and 20 mg/s anode
flow rate.
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Figure C-9. Calculated ion beam current as a function of axial distance at 400 VV and 10 mg/s anode
flow rate.
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Figure C-10. Calculated ion beam current as a function of axial distance at 500 V and 10 mg/s anode
flow rate.
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Figure C-11. Calculated plume divergence angle as a function of axial distance at 200 V and 10 mg/s
anode flow rate.
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Figure C-12. Calculated plume divergence angle as a function of axial distance at 250 V and 10 mg/s
anode flow rate.
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Figure C-13. Calculated plume divergence angle as a function of axial distance at 300 V and 20 mg/s
anode flow rate.
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Figure C-14. Calculated plume divergence angle as a function of axial distance at 400 V and 10 mg/s
anode flow rate.
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