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Abstract

A study of the physics underlying high velocity ion trajectories within the near-field
region of a Hall thruster plume is presented. In this context, “high velocity” ions are ions that
have been accelerated through the full potential drop of the thruster (sometimes referred to
as “primary energy” or “primary beam energy” ions). Results from an experimental survey
of an SPT-70 thruster plume are shown, along with simulated data from a Hall thruster
code and from a plasma sheath model. Two main features are examined: the central jet
along the Hall thruster centerline, and the population of high velocity ions at high angles.

In the experimental portion of the investigation, three diagnostic instruments were
employed: (1) a Faraday probe for measuring ion current density, (2) an ExB velocity filter
for mapping ions with the primary beam energy, and (3) a Retarding Potential Analyzer
(RPA) for determining ion energy distributions. In the numerical portion, two codes were
employed: (1) a hybrid-PIC Hall thruster code known as HPHall, and (2) a model of the
plasma sheath near the exit plane of the thruster, which was developed by the author.

A comparison between the measured and simulated data sets is made, to analyze
the degree to which different mechanisms are responsible for the evolution of the thruster
plume in the near-field region. This analysis shows that the central jet is both a function
of symmetric expansion of the ion beam as well as asymmetry in the internal potential
field of the thruster. Additionally, it is suggested that high energy, high angle ions could be
generated given a specific internal electric field configuration, while oscillations are ruled out
as the cause of these ions. The results from the sheath model show that while the sheath
can change trajectory angles by 10 to 20 degrees, it can not fully explain the presence of

high angle ions with high energies.
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Lo = permeability of free space = 1.26x107% m kg s™2 A~2
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Chapter 1

Introduction

1.1 Hall Thruster Overview

As with other types of electric propulsion (EP) devices, Hall thrusters offer the benefits
of high efficiencies and long lifetimes. Such advantages make these thrusters well-suited
for a variety of in-space applications, especially those requiring adjustments to spacecraft
velocity over long periods of time. For example, satellite station-keeping and planetary
exploration are some of the more prominent applications of EP technology over its nearly
50-year development history. Hall thrusters, notably, were used on Russian satellites as early
as 1974 [1]. Recently, Hall thrusters have been employed on a variety of missions. Space
Systems/Loral, for example, has used the Russian manufactured SPT-100 thruster on a
number of their commercial satellites [2]. Additionally, the TacSat-2 mission conducted by
the U.S. Air Force was the first use of a U. S. developed Hall thruster on a satellite [3]. Hall
thrusters also provided the propulsion for the ESA SMART-1 lunar orbiter [4].

Hall thrusters, and their close counterparts, ion thrusters, are able to achieve high
specific impulses (and thus low propellant masses) due to the high exhaust velocities that
they produce. In both of these types of thrusters, electrical energy is converted to kinetic
energy through the acceleration of an ionized gas. However, in an ion thruster this accelera-
tion occurs between two grids, while in a Hall thruster the acceleration region is not defined
by a physical barrier. For this reason, the behavior of the resulting ion exhaust is less easily
predicted in the case of the Hall thruster.

Hall thrusters generate thrust by using a system of perpendicular electric and mag-
netic fields to ionize and accelerate propellant atoms. Figure 1.1 shows the main components

of the Hall thruster, along with the directions of the internal fields. During operation, the
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propellant gas (usually Xenon) is introduced at the upstream end of the insulated cylindrical
channel. At the same time, electrons are generated at the cathode. Due to their thermal
motion, the electrons distribute themselves across the face of the thruster, while the presence

of the positive anode draws them into the channel.

As these electrons migrate upstream, they encounter the radial magnetic field and
begin to undergo orbits about these field lines, essentially becoming trapped in the region of
high magnetic field. This decrease in electron mobility causes a primarily axial electric field to
develop along the length of the channel. Propellant atoms, moving from upstream, undergo
collisions with the trapped electrons. If the energy of a collision is sufficient, ionization will
occur. The ions generated will then be accelerated out of the channel by the axial electric

field, producing an annular ion beam [5].

In a conventional chemical rocket nozzle, the thrust force is transmitted to the
thruster body through direct contact with the propellant. However, in a Hall thruster,
the argument has been made that the thrust force is transmitted through the magnetic
field [5]. This occurs because of the " partially magnetized” nature of the plasma, in which
the electrons are trapped on magnetic field lines while the ions are not. As the ions are
accelerated downstream by the electric field, they tend to want to drag the electrons with
them. However, the Lorentz force (Fipqg = q(¥ X g)) keeps the electrons from being pulled
along with the ions. The magnetic field thus exerts a force on the electrons that is in the

upstream direction. The equal and opposite force between the electrons and the magnetic

field, in the downstream direction, is the thrust force.

As illustrated in Figure 1.2, although the ion plume produced by a Hall thruster starts
off as a well-collimated beam, it quickly changes from an annular structure to a central “jet”
with a more diffuse population of ions surrounding it. This transition occurs within several
thruster diameters downstream of the exit plane, in a region referred to the “near-field” of
the Hall thruster. Since the ion beam is evolving considerably in this region, in order to
have a full understanding of the plume behavior it is vital to know what physical interactions

influence ions in the near-field.
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Figure 1.1: Hall thruster cross section. Note that the full thruster is cylindrically symmetric
about the centerline.

Figure 1.2: SPT-70 plume. This photograph shows that the formation of a central jet occurs
within several thruster diamters of the exit plane.



1.2 Previous Research

In terms of experimental research, some studies have been conducted that focus on ion tra-
jectories within the near-field region of the Hall thruster plume. For example, Laser-Induced-
Fluorescence (LIF) techniques have been used by the researchers at the Air Force Research
Laboratory (AFRL) to investigate ion velocities near the exit plane of a Hall thruster [6—
9]. However, most experimental studies of the Hall thruster near-field region have looked
at plasma parameters such as potential, ion density, and electron temperature [10-12],
because these parameters can be measured using fast moving probes that cause minimal
disturbance to the thruster plasma. For the most part, experimental investigations of ion
energy and trajectory angles have used diagnostics that were located far from the thruster
exit plane [12, 13].

Simulations of Hall thrusters have focused primarily on two areas: (1) the internal
physics inside the thruster channel, and (2) the "far-field" region that is several thruster
diameters downstream of the exit plane. The method that has been most widely used to
model the thruster channel is the "hybrid-PIC" approach which treats electrons as a fluid
and ions as particles-in-cell. Most research groups involved in the modeling of Hall thrusters
have developed codes which use this method [14-18]. In these codes, the simulation domain
usually consists of the Hall thruster channel plus a small region downstream of the exit plane
within the near-field. In regards to the far-field codes, these simulations typically use DSMC
methods to model collisions within the thruster plume [19, 20]. While these codes do a
suitable job of modeling plume expansion, they require an input boundary condition to
work. If the input condition that is applied poorly reflects the actual situation, then the

far-field codes will not produce accurate results.

1.3 Motivation

In both the internal and far-field Hall thruster codes, the physics of the near-field region
are not adequately modeled. This is understandable, since neither type was developed
with the intention of simulating the near-field region. The initial motivation for developing
the internal, hybrid-PIC based models was to investigate the plasma physics within the

channel, and in particular, examine the acceleration of ions within the channel [14]. As a
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result, the simulation region of most hybrid-PIC codes only extends out a few centimeters
downstream of the exit plane, and thus cannot fully capture near-field phenomena. As
far as the far-field simulations are concerned, these codes were created with the goal of
modeling the behavior of the thruster plume at a wide range of operating conditions, to
help predict plume/spacecraft interactions [20]. Since the applied magnetic and electric
fields are negligible across most of the thruster plume, assumptions were made that reduced
the complexity of the electrodynamic equations in these models. This allowed for the entire
plume to be simulated in 3D, but reduced the accuracy of these models near the exit plane.

To be able to link the internal and far-field codes, one needs a strong understanding
of the missing piece of the plasma physics puzzle, i.e., the mechanisms that govern plasma
behavior within the near-field region. As will be discussed in this thesis, there are two
important features of the plume which are thought to develop in the near-field of the Hall
thruster and which are not fully captured by the current models. One is the formation of
the central jet, and the other is the creation of high energy ions at high angles off the
thruster centerline. The characteristics of the central jet are directly linked to thruster
performance and beam divergence and, thus, the central jet is significant from a thruster
operation standpoint. High angle, high energy ions, on the other hand, are important from
a thruster integration standpoint. These ions can cause significant damage to spacecraft
surfaces and therefore it is imperative to understand how they are created. Since both of
these phenomena significantly influence how these thrusters can be used in actual missions,
it is necessary to fully understand the underlying physics that cause them, and then to

correctly implement them in Hall thruster simulations.

1.4 Problem Statement and Approach

The goal of the research detailed in this thesis was to investigate the physics of high velocity
ions in the Hall thruster near-field region using both experimental methods and simulations.
Note that in this context, “high velocity” ions are ions that have been accelerated through
the full potential applied between the anode and the cathode of the thruster. (These ions
may also be referred to in the text as "primary energy” or "primary beam energy” ions.)
During the course of this research, several specific questions pertaining to the central jet

and the high angle, high energy ion population, were addressed.
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In regards to the formation of the central jet, one of the major questions was whether
the jet is due solely to symmetric expansion of the cylindrical ion beam, or due in part to
asymmetries in the thruster design. Previous research suggested, for example, a link between
jet formation and the magnetic field configuration [21], but the specific impact of the field
on ion trajectories had not yet been assessed. To investigate this issue, ion trajectories were
tracked in an experimental survey and then compared to the results of a Hall thruster code
that included the internal plasma physics of the thruster. This allowed for a qualitative
assessment of the impact of different parameters on the central jet.

In regards to the high energy, high angle ions, the main question that arose was
how these ions could be accelerated out to high angles, since Hall thrusters are designed so
that most of the primary energy ions are accelerated axially. The experimental data clearly
revealed substantial populations of primary energy ions at angles from 60 to 80 degrees off
centerline, but it was not immediately apparent how they were generated. One approach
that was used to investigate these ions was to see if a hybrid-PIC code could reproduce the
electric field necessary to generate them. Additionally, it was hypothesized that the area of
non-neutrality near the corners of the thruster channel (the plasma sheath) could provide
additional radial acceleration, so a model was developed to investigate this possibility.

Ultimately, the application of this research is to bridge the gap between the internal
physics of the Hall thruster and the far-field physics of the plume. If the mechanisms which
govern ion trajectory development within the near-field are well understood, then it may
be possible to develop a fully-integrated framework that accurately models the channel,
near-field, and far-field regions of the Hall thruster. Such a framework would be extremely
valuable due to its predictive capabilities, and would help to diminish the need for thorough
experimental investigations of the thruster plume. At the very least, the data could be used
to help determine correct input conditions for the far-field plume codes. Certainly, although
experimental data is always desirable, a well-validated code could eliminate the need for
testing a thruster over long periods at a number of operating conditions, and thus lower the

overall mission cost as well as aid in mission planning.



Chapter 2

Experimental Method

In the experimental portion of this research, measurements of a SPT-70 Hall thruster were
taken using three different types of diagnostic instruments. To investigate the formation
of the central jet, maps of the high velocity ion current density were taken using an ExB
velocity filter. High energy, high angle ions were examined using a type of parallel grid energy
analyzer known as a Retarding Potential Analyzer (RPA). Additionally, measurements of the
total ion current density were taken using a Faraday probe, for comparison with the ExB
and RPA data. Two thruster power levels were tested: the nominal condition of 650 W and
the low power level of 200 W.

This chapter describes the experimental apparatus, including the thruster, vacuum
facility, and diagnostic probes. Each probe description includes a basic overview of how
the device works, the electronic equipment needed to operate it, and an estimate of the
uncertainty in its measurements. A summary of the individual scans taken with the different

instruments is also included.

2.1 SPT-70 Thruster

The SPT-70, pictured in Figure 2.1, is a Hall thruster developed by the Fakel Design Bureau
in Russia. Its "SPT" designation stands for “stationary plasma thruster,” the Russian term
for a Hall thruster with dielectric walls and an extended acceleration region [22]. Originally
created for satellite station-keeping and orbit management, it has a flight history dating back
to the 1980s [23, 24]. The SPT-70 was chosen for this experiment for several reasons. Due
to its small size and relatively low operating power, it can be tested in a vacuum chamber

that does not require the use of liquid nitrogen, thus substantially reducing facility costs.
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Additionally, the SPT-70 has a simple channel geometry that makes it straightforward to
model.

In terms of its channel geometry, which is shown in Figure 2.2, the SPT-70 has a
cylindrical channel consisting of an inner and outer wall made of BN-SiOy. At the start
of its lifetime, the outer diameter of the channel is 70 mm, while its inner diameter is 35
mm, and the length of the channel is 29 mm [14]. It should be noted, however, that the
thruster used in this experiment had already been operated for several hundred hours, and
thus sustained substantial erosion due to ions impacting its dielectric walls. The effect of
this erosion is shown in Figure 2.2.

In addition to the thruster itself, an outer cathode is required to supply electrons
for the plasma discharge and for beam neutralization. In this case, a hollow barium-oxide
cathode was employed. This cathode was not designed specifically for use with the SPT-70,
but nonetheless produced the necessary electron current for thruster operation. The cathode
was mounted externally, out of the thruster exit plane, at an angle of about 45°, as can be
seen in Figure 2.1.

During the experiment, the SPT-70 was run at 2 different power levels: 200 W and
650 W. The 650 W level represents the nominal operating point for the thruster, while the
200 W case was selected based on the nominal power level of the commercially produced
Busek BHT-200 [6]. Note that it was not necessarily expected that the SPT-70 would
behave like the BHT-200 at 200 W, but rather the purpose of operating at lower power was
to see what would happen to ion trajectories at an off-nominal condition. To achieve 200
W, the discharge voltage was set at 250 V, the discharge current was set at 0.8 A, and the
magnet current was set at 1.25 A. For a 650 W discharge, these values were 300 V, 2.17 A,

and 2.17 A, respectively.

2.2 Vacuum Facility

The experiments were carried out at the Jet Propulsion Laboratory in Pasadena, California,
in the "Big Green” vacuum facility pictured in Figure 2.3. This chamber has a diameter of
approximately 2 m and a length of 5.5 m. To create vacuum, it uses a set of three diffusion
pumps, as well as a set of four cryogenic pumps. The diffusion pumps alone can be used

to achieve pressures in the 1076 torr range. Turning on the cryo-pumps, in addition to the



Figure 2.1: SPT-70 thruster from side (L) and from front (R). Note that the cathode is not
pictured in the right-hand photograph.
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Figure 2.2: SPT-70 channel geometry, new (black) and eroded (red). Dimensions are in
meters, Z = 0 corresponds to the anode, R = 0 corresponds to the thruster centerline.
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diffusion pumps, can lead to even lower pressures, in the 10~7 torr range. As previously
mentioned, the SPT-70 thruster can be operated in this chamber without the use of liquid
nitrogen.

Inside the chamber, a computer-controlled two-dimensional z — y — 6 stage allows
the researcher to position various diagnostic probes within the plume of the Hall thruster.
As shown in Figure 2.4, the range of the stage is roughly -100 to 1500 mm in the x-direction
and -500 to 500 mm in the y-direction, relative to the thruster. Additionally, the stage can
rotate from -90 to 90°. The stage is fixed in the z-direction, so the height of the probes
is set so that they are at the same height as the thruster center. In the experiment, the

cathode was positioned so that it was out of the plane of motion of the probes.

Figure 2.3: "Big Green” vacuum chamber.

2.3 Diagnostic Instruments - Faraday Probe

2.3.1 Instrument Overview

A Faraday probe was used to obtain measurements of ion current density. As shown in
Figure 2.5, a Faraday probe consists of a current collector surrounded by an outer "ring",
both of which are electrically isolated from one another by an insulating spacer. The gap

between the two is sized so that it is smaller than the plasma Debye length. This ensures
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SPT-70 [
J x-location thruster centerline
(axial)

extent of translation stage

Figure 2.4: Translation stage schematic. The probes are set at a fixed height so that they
move within a horizontal plane intersecting the thruster centerline. In the experiment, the
thruster cathode was “above” this plane of motion. The extent of the translation stage is
about -100 to 1500 mm in the x-direction, and -500 to 500 mm in the y-direction

that the potential on the face of the collector is uniform. To obtain a measurement of
ion current density, both the collector and the ring are biased at a low negative potential
relative to ground, to reject electrons. The current on the collector face is then measured

and divided by the corresponding area [25].
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Figure 2.5: Faraday probe schematic.
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Table 2.1: Faraday probe dimensions.
Total length 31.1 mm
Collector diam. 1.3 mm
Collector/ring gap | 0.13 mm
Ring outer diam. 159 mm
Ring inner diam. 2.8 mm
Length of taper 6.5 mm

2.3.2 Instrument Design and Data Acquistion System

The particular Faraday probe used in this experiment is shown in Figure 2.6. Although most
faraday probes are of the simple "button” construction shown in Figure 2.5, employing a
cylindrical outer ring, this probe has a tapered outer ring. This allows for a smaller collector
face and also reduces the total surface area that is exposed to the thruster plasma, thus
minimizing the probe-plasma interaction. The relevant dimensions are shown in Table 2.1.
Both the collector and ring were machined from graphite. During operation, both the
collector and ring were connected to two separate Keithley 2400 SourceMeters, and each
were biased at -20 V. The current measurement was also taken using these source-meters.
The data acquisition system is shown in Figure 2.7.

Since a faraday probe is essentially just a current collector, any charged particle that
reaches its face will be measured, regardless of angle of incidence of charge species. The
angle of acceptance of the device can therefore be assumed to be roughly 180°, and current
measured represents the total ion current. Other instruments are required if one wants to
pinpoint trajectory direction or velocity with any accuracy. The faraday probe data was
taken so that it could be later combined with the data from the other probes to estimate
flux-dependent parameters such as material erosion due to ions. See Section 2.6 for the

specific scans taken with the faraday probe.

2.3.3 Uncertainty Analysis

There are two possible sources of error for the faraday probe. One is secondary electron
emission (SEE) from the collector surface. SEE occurs when an ion with sufficient energy
collides with a surface, liberating an electron from the material. The other is the potential
distribution on the probe's surface. If the potential is curved, for instance, near the edge of

the collector, this can cause a slight bending of ion trajectories. Both of these sources of



collector

guard ring

Figure 2.6: Faraday probe photo and drawing. Note that there is a small gap of 0.13 mm
between the tip of the collector and the guard ring. Drawing created by Ray Swindlehurst.

error have been mitigated by the design of the probe itself, namely the use of a low SEE
yield material (graphite) and a outer guard ring. As mentioned, the gap between the guard
ring and the collector has been sized so that it is less than a plasma Debye length, so that

the potential remains flat on the collector surface.

2.4 Diagnostic Instruments - ExB Velocity Filter

2.4.1 Instrument Overview

An ExB velocity filter was used to determine the distribution of high velocity ions as a
function of location in the SPT-70 plume. This type of device measures ion velocity by
employing a system of orthogonal electric and magnetic fields to filter incoming ions. As
shown in Figure 2.8, the two fields are perpendicular to each other and to the incident ion
beam [12].

The physics of the ExB filter are straightforward; one simply applies the Lorentz equation:

ﬁzq(EJaré). (2.1)
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Figure 2.7: Faraday probe data acquisition system.
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Figure 2.8: ExB Schematic.

Since all three vectors on the right side of the equation are perpendicular to each other,

the force on the ion is in the direction of the magnetic field, and can be expressed as:

F=q(FE—uvB). (2.2)

If the force on an ion is equal to zero, the ion will pass through the filter and
be measured by the collector plate at the rear of the device. This occurs if v; = E/B.
Therefore, to obtain a distribution of ion velocities, one must simply sweep the E/B ratio
over a range of values. This is typically what is done when an ExB filter is used, and for a
Hall thruster the results on the thruster centerline generally look like Figure 2.9. (Note that
this diagram is simply for illustration purposes, and does not represent actual experimental

data).

2.4.2 Instrument Design and Data Acquisition System

The particular filter used in this experiment was a Colutron Model 300 velocity filter, as
shown in Figure 2.10. This commercial filter can produce an electric field of up to 12,500
V/m and a magnetic field of up to 0.11 T. It uses a set of metal shims to create an electric
field across a 17.5 mm gap, while two solenoids provide a magnetic field perpendicular to
this electric field. Thus, either the voltage on the shims or the current through the solenoids
can be changed to produce the desired E/B ratio.

The filter itself was placed in a stainless steel housing, as shown in Figure 2.11.

The housing consisted of a stainless steel box with a tapered "nose-cone” (a tapered MDC
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Figure 2.9: ExB sample trace. This

trace is representative of the ion velocity distribution
on the centerline of the thruster.

Figure 2.10: Colutron Model 300 velocity filter. The white structures are the magnetic coils,
which create a vertical magnetic field across the channel.
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vacuum flange). On the bottom of the box there was a 25 mm diameter hole, covered by a
stainless steel mesh, which reduced the number of neutral particles and low energy ions that
could build up inside the box and cause anomalous measurements due to charge exchange
interactions. The entire housing was coated in graphite to prevent sputtering of the metallic

surface.
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Figure 2.11: ExB photo and schematic.

There were 3 apertures mounted inside the housing, as shown in Figure 2.11. The
first two apertures both had a diameter of 0.97 mm and were made of 0.03 mm thick
tantalum foil. The purpose of these two apertures was to collimate the beam. The third
aperture was slit-shaped, with a height of 30 mm, width of 0.8 mm, and thickness of 0.8
mm. The distance between apertures 1 and 2 was 143.0 mm, the distance between 2 and 3
was 159.5 mm, and the distance between aperture 3 and the collector was 17.3 mm. Given
the geometry and spacing of the apertures, the acceptance angle of the device was 0.8° (full
angle). It is important to note that this very small viewing angle allowed the origin of the
measured ion trajectories to be determined with a very high degree of accuracy. To ensure
accuracy, the probe had to be carefully aligned relative to the thruster when it was mounted
on the stage. This task was accomplished by mounting a laser pointer where the collector

anode was normally located, then shining the beam through backwards through the device,
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as shown in Figure 2.12.

Figure 2.12: Alignment of ExB probe. A laser pointer was mounted in place of the collector
plate, and its beam aligned with all 3 apertures. The probe was then mounted on the
translation stage, and the probe’s position and rotation angle was calibrated relative to the
thruster. This was important due to the very small angle of acceptance of the device.

Before using the filter, the electric and magnetic fields were calibrated. To achieve an
approximately linear electric field distribution in the filter channel, the voltages on the metal
shims within the channel were adjusted using a voltage divider (manufactured by Colutron
and provided with the filter). Figure 2.13 shows the resulting potential distribution within
the channel. To ensure that the desired magnetic field was achieved, the field strength as a
function of solenoid current was measured using a gaussmeter. This information is contained
in Figure 2.14.

Rather than operate the ExB probe in the typical fashion, as described above, the
filter E/B ratio was set so that only Xe™ ions that had been accelerated through the full
potential of the thruster (the leftmost peak in Figure 2.9) were measured. That is, the filter
was set to measure a specific velocity and species, and then moved around in the plume.
This E/B ratio was selected experimentally, by aligning the ExB filter with the center of
the thruster channel, at an angle of 0°, and then determining the velocity corresponding

to the primary Xe™ peak. For this reason, it may be more appropriate to call the device a
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"high velocity ion probe” rather than refer to it as an ExB filter in the traditional sense. By
employing the probe in this fashion, it was possible to create a map of the high velocity ion
current produced by the SPT-70. The specific scans taken by the instrument are detailed

in Section 2.6.

The data acquisition system for the ExB is shown in Figure 2.15. In this system,
the potential for the electric field plates was supplied by a Keithley 2400 SourceMeter, and
was balanced using the voltage balancing box supplied with the Colutron filter. A Keithley
6284 A power supply was used to supply the DC current for the magnet coils. The collector
current signal was sent to the computer and recorded, along with position information from

the translation stage.
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Figure 2.15: ExB data acquisition aystem
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2.4.3 Uncertainty Analysis

There were several sources of error and uncertainty in the ExB results, including internal
CEX collisions, interactions between the probe and the thruster plume, and spread in the
ion velocities due to collector and aperture sizing. As mentioned previously, there was a
mesh-covered hole in the bottom of the ExB housing, so that neutrals could not build up
inside the device. This was done to reduce neutral density inside the device, so that the
high velocity Xe™ signal could not be attenuated due to CEX collisions between Xe™ and
neutral Xe atoms. However, although this decreased the neutral density, it was impossible
to completely eliminate the density of neutrals within the device. Because of the size of
the hole, it was assumed that the density inside the device equilibrated to the background

neutral density.

In the 650W case, the background density of neutrals was significantly higher than in
the 200W case, as evidenced by a higher vacuum pressure within the chamber. Additionally,
the background neutral density was likely higher near the exit plane of the thruster than far
from it. This change in neutral density is hard to quantify without a direct measurement,
but from a qualitative standpoint it is fair to say that there is likely greater signal attenuation
at smaller axial distances, and also that the signal attenuation is more significant for the

650 W case.

It also should be mentioned that there was some unavoidable interaction between
the probe housing and the thruster plume. Although attempts were made to minimize the
surface area that was exposed to the thruster plume, for example by adding a conical taper
to the front of the device, there was still visible interaction between the ion beam and the
device. The other countermeasure that was taken was to reduce the amount of time that
the probe spent in front of the thruster plume during the scan. A shorter time scale for the
scan also helped to decrease the neutral buildup inside the device due to neutrals entering

through the front aperture.

One quantifiable uncertainty in the ExB data is the spread in ion velocities and
trajectory angles that could be measured as a result of the aperture and collector sizing.
This is illustrated in Figure 2.16. Because the collector and apertures have a finite width
and acceptance angle, the device can measure ions that are not completely orthogonal to

the electric and magnetic fields, and also ions that have a velocity that is not exactly equal



22
to the E/B value.
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Figure 2.16: ExB resolution calculation

The spread in the data can be calculated as follows. First, start by calculating the

maximum input angle, 61, for ions:

D
— -1 2
01 = tan <L1> . (2.3)

This allows the y-position of the ion at the entrance of the filter to be calculated (D3):

D3 = (Ll + LQ) tan (91) . (2.4)

Then, by applying the Lorentz force equation (Eqn. 2.1) and assuming that acceleration

in the z-direction is negligible, this allows the acceleration in the y-direction to be calculated:

ay=——(E —v,B). (2.5)

m

Note that the ratio of E/B is set to measure a certain ion velocity:

Uset =

|

So Egn 2.5 can be rewritten as:

ay = —% (Vset — v2) B. (2.7)

Collector
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The time it takes for the ion to transit the filter can be estimated by dividing the filter
length by the axial velocity:
L
ty = 22 (2.8)

(%

If transit time and acceleration are known, then the position and velocity of the ion at

the end of the filter can be calculated, as well as the value of 05:

1
Dy= D3+ (Uyl) ts + §ayt§ (2.9)
Uyq = Uyl + ayt3 (2.10)
0, = tan~ (1’?"‘) . (2.11)
Uz

Finally, the y-position at the z-position of the third aperture (Ds) and at the collector
(Dg) are:

Ds = D4 + Lytan (92) (2.12)

D¢ = D5 + Lstan (92) . (2.13)

In order for the ion to pass through the third aperture, the condition on D5 must be:

Das + D
!D5!§7A32+ 2, (2.14)

where D 43 is the width of the third aperture. Additionally, for the ion to hit the collector,
the condition on Dy is:

Dc+D2

1Dy < (2.15)

So if the ion trajectory satisfies the two conditions above, then it will be measured.
Using this set of equations, it was determined that the spread in velocities that could be

measured was less than one percent of the desired velocity as defined by the E/B ratio.
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2.5 Diagnostic Instruments - Retarding Potential Analyzer

2.5.1 Instrument Overview

A retarding potential analyzer (RPA) was used to take energy distribution measurements
in the SPT-70 plume. A RPA is a parallel grid electrostatic analyzer that uses an applied
potential (the "retarding” potential) to accept or reject ions based on their energies. Fig-
ure 2.17 shows a schematic of a typical RPA. The front grid is usually allowed to float at the
plasma potential, while the "screen” grid is biased at a low negative potential to keep out
electrons. The "retarding” grid potential is ramped from zero to several hundred or thousand
volts, depending on the acceleration voltage of the thruster being examined. Sometimes,
a "suppressor” grid is used to prevent secondary electrons (i.e., electrons produced due to
ions colliding with the collector) from causing a false current reading. A collector at the
back of the device measures the ion current.

front grid
retarding grid

—_— 1 ] o

> — — | S

—_— 1 1 1 (9}

I 2

—_— ] ] -

o

e §: o
\ %Bmv? < q@

screen grid

Figure 2.17: RPA Schematic.

The device operates on the principle of energy conservation:

—mv* = q. (2.16)

That is, ions with enough kinetic energy to overcome the potential barrier will pass
though the retarding grid and reach the collector. In this way, the RPA acts as a " high-pass”
filter for ion energies [26]. The raw data produced by the RPA, as illustrated in Figure 2.18,
represents the "integrated” ion current, i.e., the total current of ions with energies above

the specified energy. To determine the current of ions at a given energy, one must take the
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derivative of the raw data, also shown in Figure 2.18.
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Figure 2.18: RPA sample trace. Taking the derivative of the raw data gives the energy
distribution.

One other point to note is that the RPA does not distinguish between charge species.
According to Equation 2.16, a double ion must have twice the kinetic energy as a single
ion to overcome the same potential barrier. However, using RPA data it is not possible to
make the distinction between a single ion that is moving with a certain kinetic energy and

a double ion that is moving with twice that energy.

2.5.2 Instrument Design and Data Acquisition System

The particular RPA used in the experiment employed 3 grids, as shown in Figure 2.19. The
front grid was mounted so that it was flush with the face of the RPA housing. Both the front
face and grid were electrically isolated from the body of the RPA, which was grounded. The
screen grid was mounted 1 mm behind the front grid, and during operation was set at -20
V. Behind the screen grid was the "retarding” grid, to which the voltage ramp was applied
to decelerate ions entering the device. The spacing between the screen and retarding grids
was 2.5 mm. The collector anode was located 1.0 mm behind the retarding grid.

Each of the grids were isolated from each other using Celazole spacers with an inner
diameter of 14.3 mm and an outer diameter of 23.1 mm. The front grid had a pattern of
twenty-seven 0.4 mm diameter holes, thus establishing an effective input area of 3.39x10~°

m?2. The front grid was manufactured from 0.1 mm thick molybdenum. The screen and
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RPA Dimensions:
Front grid to collector 4.5 mm | Spacer inner diam. 14.3 mm
Screen grid to collector 3.5 mm | Spacer outer diam. 23.1 mm
Retarding grid to collector 1.0 mm

Figure 2.19: RPA photo and schematic.

retarding grids were both made out of a stainless steel mesh, 0.2 mm thick, with an open
area fraction of 0.36. These two grids were positioned such that the holes in the mesh were
not aligned, to prevent secondary or tertiary alignment patterns (Moire patterns) depending
on the angle of the device relative to the ion source. All of the grids had an outer diameter
of 22 mm. The collector anode consisted of a 22 mm diameter, 0.1 mm thick, tungsten
disk. The angle of acceptance of the device was 15 deg (full angle) and was determined
experimentally [27].

The components of the RPA data acquisition system are shown in Figure 2.20. A
standard DC power supply was used to apply a potential of -20 V to the screen grid, while
a function generator plus a high-voltage amplifier were used to create the ramp voltage for
the retarding grid. The current to the collector was amplified using a gain of 10° to 108,
depending on the magnitude of the signal. The voltage from the signal generator was sent
to the control computer through a data acquisition box, and this signal was synched to the
acquisition of the current measurement. The resolution of the data acquisition system could
be varied using a Labview control program.

During operation, the RPA was placed at a specific angle relative to the thruster

centerline and a potential sweep was made. This allowed the energy distribution of ions to
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Figure 2.20: RPA data acquisition system.
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be determined at specific locations in the plume. See Section 2.6 for a description of the

scans taken with the RPA.

2.5.3 Uncertainty Analysis

Uncertainty and errors in the RPA results comes from a number of sources, namely: charge
exchange (CEX) collisions inside the device, ion optics of the grids, and the differentiation
method that was used. In some of the RPA scans that are close to the thruster centerline (0
deg and 10 deg cases, for example, in Figures 5.16 and 5.19), one can see ions with energies
per charge that are greater than the acceleration potential of the device. Theoretically, one
should not see ions that have kinetic energies greater than that which can be obtained by
acceleration though a certain potential drop (250 eV in the 200W case, 300 eV in the 650
W case).

One explanation for ions with energies per charge that are higher than the accel-
eration potential is that these ions that have gone from Xe?* to Xet in a CEX collision.
Such ions can have an energy/charge greater than 300eV/q. If you look at the energy
conservation equation (g¢ = 1/2mw?), a doubly charged ion will have double the kinetic
energy as a singly charged ion if accelerated through the same potential. In a CEX collision
between a Xe?T ion and a Xe atom in which two Xe™ are produced, one of the Xe™ ions
will attain the kinetic energy of the Xe?* ion after the collision, and thus will have twice
the energy per charge as the Xe?T ion.

They are most likely generated at locations where the neutral density is high, such
as near the thruster exit plane. However, an Xe™ ion generated through this process would
likely appear at around twice the acceleration potential, since it will have been the result
of a collision between a neutral and a Xe?* ion that had been accelerated through the full
thruster potential. Instead, what is seen in the experimental data is a tail extending from
the primary beam energy peak. This tail is more likely the result of CEX interactions inside
the RPA, where the incoming Xe?* ions have been slowed by the applied retarding potential
before they undergo a CEX collision. As will be seen, the fact that this tail is a significant
contributor to the ion current in the 650 W case, but not so much in the 200 W case,
suggests that the higher densities associated with the 650 W case are a factor. Additionally,
CEX interactions with surfaces inside the RPA (in which the Xe?>* loses an electron to a

surface atom) are also a possible contributor to this phenomena.
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Another source of uncertainty relates to the ion optics of the grids. As the potential
on the retarding grid increases, a larger range of ion energies can be accepted through the
grid holes due to the fact that the potential drops slightly within each hole. To simulate ion
trajectories near a grid hole inside the RPA, a program called Simion was used [28]. Simion
calculates the electrostatic potential distribution for a given configuration in 2D, and also
simulates ion trajectories through the configuration. An example of a Simion calculation for
the problem at hand is shown in Figure 2.21. This figure shows that the potential barrier is
slightly lower within the hole, meaning that an ion with an energy per charge lower than the
retarding potential can pass through it. The results of the Simion simulations are shown in
Table 2.2. These results suggest that the uncertainty is roughly 2-3 percent of the applied

retarding voltage.

Figure 2.21: Example result from Simion. The height of the graph represents the potential,¢.
In this particular case the retarding potential was set to 200V, with the screen grid voltage
at -20V and the collector at 0 V. The ion had an initial kinetic energy of 119.5 eV, which
is lower than the 120 eV that would be needed to get over the potential barrier if the grid
hole was not present.

In addition to uncertainty in the data caused by the grid optics, the way in which

the derivative of the raw data is taken determines the uncertainty in the energy distribution
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Table 2.2: RPA uncertainty due to ion optics

. Lowest Proportion of
Retarding Accepted AV V] Retarding
Voltage [V] Energy/Charge Voltage
[eV/d]
50 48.3 1.2 0.024
100 97.8 22 0.022
150 146.7 -33 0.022
200 195.7 4.3 0.022
250 244.7 53 0.021
300 293.5 -6.5 0.022
350 342.6 7.4 0.021
400 3915 -85 0.021

calculation. In this study, there was a sufficient amount of noise that some averaging of the
raw data had to be done. It was found that an average over 20 points was sufficient. This,
therefore, reduced the number of data points in the file from 10,000 to 500. Additionally

the slope of the data at a given point was calculated using the following algorithm:

ﬂ _n Z Vavglavg - Z Vavg Z Iavg
WV n (V2 — (X Vaw)?)

, (2.17)

where n is the number of data points over which the slope was calculated, and the sums are
taken over each set of n data points, using the averaged current and voltage values (such
that the center point of each sum is a data point in the differentiated data set). In the 200
W case it was determined that n=3 led to a differentiated curve with a satisfactory amount
of smoothness, so after the differentiation the number of points in the data set was 166.
In the 650 W case, it was necessary to set n = 5, so the number of points was reduced
to 100. Since both scans were taken from -50 to 450 V, for a total change of 500 V, the
uncertainties were 500/166 = 3.01 eV/q for the 200 W case and 500/100 = 5.00 eV/q for
the 650W case.

2.6 Summary of Scans

In the case of the faraday probe, for all scans the instrument angle was set to zero degrees
and it was moved in the transverse (y) direction, across the thruster face, as shown in

Figure 2.22. Each scan was taken at a different axial (x) location. The probe angle was
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set at zero and not changed due to its large angle of acceptance. Table 2.3 summarizes the
data collected using the faraday probe.

In the case of the ExB filter, two types of scans were taken: transverse and axial.
During a transverse scan, the axial location and angle was fixed and the probe was moved
perpendicular to the thruster centerline. Because the angle of acceptance of the ExB filter
was less than a degree, the probe angle was varied to determine the dependence of ion
current on angle. During an axial scan, the transverse location was fixed and the probe
was moved in the direction of the thruster, parallel to the thruster centerline. Table 2.4
summarizes the data collected using the ExB filter.

Unlike the other probes, the RPA could not be moved while it was taking data.
Instead, it was positioned at a specific angle off of the thruster centerline, at a specific
distance away from the thruster, as shown in Figure 2.23. For most of the scans, the
distance was 400 mm, but in some cases the RPA had to be moved further away, to ensure
that the device used to amplify its signal was not saturated, and also to prevent electrical

shorts inside the probe. Table 2.5 summarizes the data collected using the RPA.

g E TRANSVERSE SCAN é g AXIAL SCAN
o o (ExB and FP) P = (ExB only)
g S
-400 mm 50 mm
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side g o B N
R mm axial direction 4> mm
‘(/‘(/‘//‘////‘(://8 |: < <
“Neo| = 0mm 0mm
£ < <
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Figure 2.22: Transverse and axial scans. Note that the angle of the Faraday probe was set
to 0
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Figure 2.23: RPA scans. During each scan, the RPA position was fixed.

Table 2.3: Summary of Faraday probe scans

Thruster Axial Transverse| Angle of | Chamber Cathode
Operat- . .\ Float
. Position Position Faraday Pressure
ng [mm] [mm] Probe [°] [torr] Voltage
Point [V]
15 to -477 to _6
200 W 1500 223 0 3.0x10 -14.0
15 to -477 to _6
650 W 1500 293 0 6.5x10 -23.0
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Table 2.4: ExB scan summary

Thruster Axial Transverse| Angle of Chamber Cathode
Operat- Type of .. . ExB Float
ing Scan Position Position ExB ) Setting Pressure Voltage
Point [mm] [mm] Probe [°] [torr] V]
50, 75 0, 10
C oo L ON (set
100, 125, | -477 to 20, 30, _6
200 W Trans. 150, 175, 3 40, 50 ljzai(iz:) 2.5x10 -15.4
200 60, 70
50, 75 0, 10
"o L OFF (no
100, 125, | -477 to 20, 30, _6
200 W Trans. 150, 175, 293 40, 50, d;gi():_ 2.5x10 -15.4
200 60, 70
50, 75
Lo ON (set
100, 125, | -477 to | O, 10, 20, _
650 W Trans. 150, 175, 293 30, 40 lat x_e+ 6.0x107% | -35.5
200 ocation)
27 4 ON (set ‘
200 W Axial 400 to 50 0 '23' 0 at Xe™ 2.5x1076 -15.4
' location)
27 4 OFF (no ‘
200 W Axial 400 to 50 0 '23 ' 0 deflec- 2.5x1076 -15.4
' tion)
27 4 ON (set
650 W Axial | 400t0 50 | 7" 0 at Xet | 6.0x107% | -355
' location)
Table 2.5: RPA scan summary
Thruster Distance Angle Off of Chamber Cathode
Operat- from Float
i Thruster Pressure
ing Thruster Centerline [] ftorr] Voltage
Point Center [mm] V]
0, 10, 20, 30,
40, 45, 50, 55, _6
200 W 400 60. 65 70, 75, 2.5x1076 -15.0
80, 85, 90
45, 50, 55, 60,
650 W 400 65, 70, 75, 80, | 8.0x10~ -14.0
85, 90
650 W 600 10, 204‘30' 40, 8.0x10~6 -14.0
650 W 1000 0 8.0x107% | -14.0
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Chapter 3

Simulation Approach - HPHall

In the simulation portion of this research, two approaches were used. The first was an
existing hybrid-PIC Hall thruster code known as HPHall, which was used to investigate both
the central jet and high angle, high energy ions. As was mentioned previously, internal
hybrid-PIC codes only simulate a small portion of the near-field. Nonetheless, this type of
model can still give insight into the acceleration of ions inside the channel and immediately
outside the exit plane, even if it does not capture the full extent of the near-field region.
Furthermore, a better alternative (such as a well-validated fully-kinetic or fluid-based model)
was not readily available.

This chapter describes the simulation method used by the hybrid-PIC model. In the
case of HPHall, since it was an existing code with a substantial development history, most

of the information is summarized from other sources, with references provided as needed.

3.1 Hybrid-PIC Model Overview

As stated in the introduction, HPHall is a hybrid-PIC Hall thruster code that treats electrons
as a fluid and ions as particles-in-cell. HPHall was first developed by J. M. Fife and M.
Martinez-Sanchez at MIT during the mid-1990s [14]. In the ensuing years, it has gained
wide acceptance by the Hall thruster research community. Currently, HPHall, as well as
similar codes based on hybrid-PIC methods, are used by most institutions that engage in the
modeling of these thrusters [15-18]. Although other approaches exist, such as pure fluid
codes that model electrons and ions as fluids [29], and fully kinetic codes that handle both
species using a particle-based method [30, 31], none are as widely used as hybrid-PIC.

For the definitive reference on HPHall, one should consult the Ph.D. thesis of J.
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M. Fife [14] (unless otherwise noted, the content of this section represents a summary of
the information presented in this document). In spite of the modifications that have been
made to HPHall since its initial creation, the basic solution method and assumptions have
not changed. As illustrated in Figure 3.1, the basic method is as follows. First, the solution
grid and magnetic field are generated by separate solvers outside of HPHall. These files are
required by HPHall to initiate the solution process, as well as a third file that specifies the
input parameters of the code. Initially, the solution domain is not populated by particles,
unless files from a previous HPHall run are used. The grid, magnetic field, and input
parameter information is then fed into the fluid solver and the solution process initiated.

During the solution process, HPHall integrates the electron fluid equations on a
two-dimensional domain, then moves the ions based on the results from the electron sub-
model. The major assumptions of the code are as follows: (1) the plasma is quasi-neutral
(i.e., ne = nye+ + nye2+), (2) the induced magnetic field is small compared to the
applied field and can be neglected, (3) the problem is axisymmetric about the thruster
centerline. Using these assumptions, the code simulates the plasma between two boundaries,
the “anode line" and the “cathode line”. Both the anode and cathode “lines” correspond
to A-lines, the magnetic streamlines that will be described in the following sub-section. On
these boundaries, plasma parameter values, such as potential and electron temperature, are

specified. An example solution domain for the SPT-70 is shown in Figure 3.2.

3.1.1 Electron Sub-model

In the electron sub-model, the electrons are assumed to be strongly-magnetized, so electron
motion can be split into two clear parts: motion along and motion across magnetic field

lines. The magnetic field can be described using Maxwell's equations:

V-B=0 (3.1)

= - OF

In these equations, it has been assumed that the magnetic field has no azimuthal
component. It has also been assumed, based on measurements, that the azimuthal cur-

rent density and the electric field variation (the RHS of Eqn. 3.2) are negligible compared
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Figure 3.1: HPHall program flow. This graphic has been modified from one appearing in [14]
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Figure 3.2: SPT-70 solution domain. Cathode and anode lines correspond to magnetic
streamlines known as A lines.

to the gradients in the magnetic field. Based on these equations, one can define a mag-
netic potential function, o, and a magnetic stream function, A, that satisfy the following

relationships.

B=Vo (3.3)
Ve =0 (3.4)
VA =r(By2— B.). (3.5)

It is the magnetic “stream-lines” or “A-lines” over which the electron equations are
integrated. The equations that are solved by the electron sub-model are (1) Ohm's law,
(2) current conservation, and (3) electron temperature. A Maxwellian electron distribution
is assumed, and it is also assumed that the electron temperature is constant along each

M-line. Therefore, one can think of HPHall almost as a ‘“quasi’-linear code, that varies
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across A-lines.
The derivation of the electron equations, as well as the integration method, is fairly

complicated. Rather than describe the specifics here, the reader is instead referred to Fife's

PhD thesis [14].

3.1.2 Heavy Particle Sub-model

In the heavy particle sub-model, a separate simulation mesh is used to calculate particle
motion. Rather than advance the particles in physical space directly, the problem is first
transferred to a simpler domain. The relatively complicated » — z mesh shown in Figure 3.3
is transformed to a rectangular £ —n mesh, where £ and 7 are represented by integer values,
as shown in Figure 3.3. The particle positions, velocities, and forces are also transformed
to the £ — n plane. Particle motion is then calculated on this plane, and transformed back

to the physical r — z plane [18].

z(n,,n,) = z;
rin, n) = re

g(1,n) =1 g(n,,n) =n,
z(1,n) = z, n(l,n) =n, nn, n)=n,
r(l,n) =r; o
> ®
z(1,1 o
r(1,1 E1,1) =1 g(n,,1) =n,
n(,1) =1 nn, 1) =1
z(n,1) = z¢
rin, 1) =r,

Figure 3.3: Transformation from r-z to £ — 7 plane

Rather than modeling every particle, which would lead to unfeasible computation
times, PIC methods deal with “macro” particles. Macro-particles (MPs) represent clusters
of particles; in the case of HPHall, the number of actual particles per MP is scaled such

that there are 20 to 50 MPs of each species (ions and neutrals) per cell, giving a total of
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roughly 1x10° total MPs in the simulation. Since the neutral density is about 3 orders of
magnitude greater than the ion density, the number of ions per MP is about 3 orders of
magnitude smaller than the number of neutrals per MP.

lon motion is calculated using the following equations:

— — q — R — -
/Um+1/2 — Umfl/Q = At |:Tnl <E + Um,1/2 X B + RO):| (36)

Tyl — T = AT, 119, (3.7)

where m denotes the ion time step, and RTO is the sum of all of the non-electromagnetic
forces [18].

Neutral particles are initially injected into the domain at the anode, at a rate specified
by the propellant flow rate of the thruster. Once they enter the domain, they can reflect
off of the walls. Additionally, ions can recombine with electrons at the walls to produce
neutrals. Neutrals are not subject to electromagnetic forces, but can undergo collisions with
other species. lonization in Hall thrusters occurs when an electron impacts a neutral or an

ion. In HPHall this is modeled by a simple ionization rate coefficient, as follows:

11,77 = C(Te) neny (3.8)

’rii2+ = COH2 (Te) NNy + €1ﬁ2 (Te) nenh_’ (39)

(2

where ( is the neutral to Xe!™t coefficient, (°72 is the neutral to Xe?* coefficient, and
¢172 is the Xe!™ to Xe?t coefficient. All of the (s are empirically-derived functions of T,
that depend on neutral /ion species.

Additionally, charge exchange (CEX) collisions have been added to the JPL version
HPHall. Charge exchange is a process by which a fast ion and a slow neutral collide to
produce a slow ion and a fast neutral. However, in the current study CEX collisions were
not “turned on,” since the way in which the collisions were implemented caused an extremely
large number of simulated particles, several orders of magnitude above the normal value,
to be created. This slowed down the simulation to an unacceptable degree, leading to the

decision to turn CEX collisions off.
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3.1.3 Wall Interactions

In a real Hall thruster, there is a thin region of non-neutrality known as a plasma sheath.
In a quasi-neutral plasma, the thermal fluxes of ions and electrons are not equal, due to
the higher temperature and smaller mass of the electrons. Therefore, to keep the wall from
continually becoming more negative, the wall potential takes on a steady state value that
is negative relative to the potential of the plasma far from the wall, as shown in Figure 3.4.
This rejects electrons and thus keeps the fluxes balanced. As will be discussed in Section 4.1,

the velocity of ions into the sheath must exceed the “Bohm velocity,” i.e.:

kTe

mg

v; > (3.10)

This acceleration to the Bohm velocity occurs over a region called the “pre-sheath,” as

shown in Figure 3.4.

¢plasma

pre-

sheath sheath

¢wal|

Figure 3.4: Shape of the plasma sheath at the wall.

As mentioned, one of the primary assumptions of HPHall is that the plasma is quasi-
neutral, and as a consequence the sheath is not resolved. There are two methods available
to ensure that the Bohm condition is satisfied at the wall. One involves changing the way
the weighting is conducted at the wall, i.e., modifying how parameter values are weighted at
each node of the simulation mesh adjacent to the wall. In the original version of HPHall, the

method used was “one-sided” weighting, meaning that only values from the simulation-side
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of the wall were used. This resulted in the underestimation of values that tended to increase
towards the wall. However, it was shown that this method tends to only work if the mesh
size is very fine [18, 32].

Because it was desired to find a solution to this problem that would not require a
finer mesh (and hence an unacceptably long computation time), the second approach that
was implemented to force the Bohm condition at the wall. This is done, in the cells adjacent
to the wall, by assigning the Bohm velocity to any ions with a radial velocity that is less
than the Bohm velocity [32]. Unless otherwise specified, this is the method that is used in

the HPHall simulations presented in this thesis.

3.2 HPHall at the Jet Propulsion Laboratory

The version of HPHall used for the analysis in this thesis is one that consists of changes
made to the code primarily by F. Parra at MIT and R. Hofer at JPL [18, 32-35]. The
modifications implemented by F. Parra include both improvements to the code in terms of
capabilities as well as physics. For example, two major additions to the code were algorithms
regarding charge exchange and enforcement of the Bohm condition at the channel wall (the
Bohm condition refers to the requirement that an ion must enter the region of non-neutrality
near the wall with a velocity greater than its acoustic speed.). Reference [Parra JAP 2006]
provides a summary of the changes implemented by F. Parra.

Further changes were made to the code by R. Hofer, |. Mikellides, and I. Katz at JPL.
One major contribution to the code was an improved electron mobility model. In HPHall,
electron mobility is handled by dividing the simulation domain into separate regions, with
a mobility coefficient assigned to each region, and linear interpolation of the coefficient
between regions. By implementing a 3-region model, as opposed to the previous 2-region
model, the JPL modelers were able to improve the code's agreement with experimental
results [35]. The cross-field electron mobility is defined as follows (note, Eqns. 3.11 to 3.18
are from [35]:

e 1
— 11
Hel Vel <1 + Qg) ’ (3.11)

where Q. = wee/Ve, the electron Hall parameter, and w.. = eB/m,, the electron

cyclotron frequency. In this case v, is the total effective electron collision freqency, defined
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as:

Ve = Vep, + Vei + Vi + Up, (3.12)

where v, is the electron-neutral collision frequency, v,; is the electron-ion collision
frequency, v, is the collision frequency of the electrons with the walls, and v}, is the collision
frequency associated with “anomalous” transport mechanisms, such as turbulent plasma
fluctuations. This collision frequency is defined as:
1

Yy = 1 0Wees (3.13)

where o can be adjusted to match experimental results. In the 3-region model, « is

defined as:

(07 z < 2,
Qefe+ Qefel ze < 2 < Zet,
a= Qe Ze1 < 2 < Zea, (3.14)

aefea + apfp Ze2 < 2 < Zp,

Qyp z 2 Zp,

where the subscripts ¢, e, and p stand for values in the channel, exit, and plume regions,

respectively. The fractions f are defined as:

fczl_fel (3.15)
Z— Zc

fe = P (3.16)

f62:1_fp (317)
R T Ze2

fo= (3.18)

So there are three regions over which « is constant, and two intermediate regions over

which the « values are interpolated. Overall, this makes for seven adjustable parameters:
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Table 3.1: Cathode and anode parameters for HPHall.

Parameter Value
Zanode 0.0040 m
Tanode 0.0275 m
Zeath 0.0049 m
Tcath 0.0275 m
Tecath 64678 K
Peath 295V

O, 0,0y, and 2¢, Ze1, Ze2, Zp. In the JPL version of HPHall there is one additional adjustable
parameter, called TeL/TeH, which specifies the ratio of the electron temperature parallel to
the magnetic field lines, versus perpendicular to the magnetic field lines.

An additional change made at JPL is an updated ionization cross section, which
resulted in a greater number of Xe?* ions being produced, and required an alteration to be
made to the electron energy equation. Also, modifications were made to the wall sheath
model that had been previously implemented by F. Parra [32]. See References [33-35] for a

discussion of these changes to the code.

3.3 Application to the lon Trajectory Problem

3.3.1 HPHall Solution Domain

As can be seen in Figure 3.2, the HPHall solution domain includes the thruster channel, as
well as a small portion of the near field. It is important to note that between the cathode
line and the boundary of the domain, the solution is simply a linear interpolation between
the parameter values at the two locations [35]. Figure 3.2 shows the position of the cathode
line relative to the boundary and reveals that there is only a small portion of the domain that
is treated in this fashion. The locations and conditions at the anode line and the cathode
line are summarized in Table 3.1. Note that the “locations” of the cathode and anode are
points through which the cathode and anode lines pass (HPHall calculates the line from the

specified point).

3.3.2 Magnetic Field and Electron Mobility Analysis

As will be discussed in Section 5.3, the experimental data suggest that the magnetic field

strength may be correlated with plume collimation and high angle, high velocity ions. It was
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hypothesized that the magnetic field could change the electric potential contours enough
to produce the necessary radial acceleration to explain the experimental results. In a Hall
thruster, since the electrons are highly magnetized, they will tend to not move perpendicular
to magnetic field lines, while freely moving parallel to field lines. This causes a negligible
density gradient of electrons parallel to magnetic field lines, but a large gradient perpendicu-
lar to the field lines. Thus, the electric potential contours follow the magnetic field lines, for
the most part. The bottom line is that the electron mobility relative to field lines strongly
affects the potential distribution.

If the magnetic field is primarily in the radial direction, then the electric field will be
primarily in the axial direction. However, if the field lines have a significant axial component,
then the electric field will have a substantial radial component, and thus ions could be
accelerated out to high angles. Additionally, if some of the potential drop occurs outside
the thruster exit plane, then the ions could experience radial acceleration within the near-
field as well as within the channel. This is illustrated in Figure 3.5, and could help to explain

the experimental data.

- AN —
() (]
g E
© o

Figure 3.5: Different possible potential distributions in the Hall thruster channel. In HPHall,
the location over which most of the potential drop occurs (the acceleration region) can be
moved by changing the values of the mobility coefficients and the locations of the regions
over which these coefficients are applied. In the lefthand drawing, most of the drop occurs
just upstream of the exit plane, meaning the acceleration of ions is primarily in the axial
direction. In the righthand drawing, some of the drop occurs just outside the exit, meaning
that there will be greater acceleration in the radial direction.

Detailed magnetic field measurements were taken for each thruster, and are shown in
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Figure 3.6 and 3.7. Axially and radially directed probes, mounted on a 2D translation stage,
were used to obtain the measurements with a F.W. Bell 5060 Gaussmeter. Ideally, if one had
a code with a physics-based mobility model, one could determine the effect of changing the
mobility by running the code using these different field measurements. However, because of
HPHall's coefficent-based approach to the mobility, it is not possible to simply change the
magnetic field; one needs to change the mobility coefficients as well. Therefore, this part of
the modeling effort primarily involved “knob turning,” i.e., figuring out how changes in the

mobility affect the potential distribution, and thus ion trajectories.
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Figure 3.6: Measured SPT-70 Magnetic Field, 200 W case. Magnetic field strength in Tesla,
with magnetic field lines superimposed.
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Figure 3.7: Measured SPT-70 Magnetic Field, 650 W case. Magnetic field strength in Tesla,
with magnetic field lines superimposed.
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A number of runs of HPHall were conducted to determine the effect of the mobility
coefficients and transition locations on the simulated parameters. During each run, the
simulation was first initialized by running only neutral particles for 20,000 time steps, then
running in normal mode for 10,000 time steps (the simulation would reach steady state
during this part of the run). Then, the simulation was run for 10,000 iterations during
which time the results were recorded. The goal of these different runs was to find some
configurations in which most of the potential drop occurred upstream of the exit plane, and
some in which the potential drop spanned the exit plane, as described in Figure 3.5. To
start with, the simulation data in the 650 W case had to be matched to the performance
parameters of the thruster. Four performance parameters were selected: anode current,
thrust, specific impulse, and efficiency, values for which there is experimental data available.
The experimentally measured, nominal values of these parameters are 2.2 A, 0.038 N,
1.6x10% s, and 0.46, respectively [14].

Matching to this nominal case was accomplished using the configuration shown in
Table 3.2. Note that the values o, ae, ap, zc, ze1, ze2, 2p and TeL/Te” are those defined
previously in Section 3.1.1. After this configuration was determined, it was noticed that
the flow rate in the nominal case (2.34 mg/s) did not exactly match the flow rate used
in the present study for the 650 W condition (1.7 mg/s). After the flow rate input was
changed, the mobility coefficients, but not the transition locations, were changed to obtain
the correct ion current value. As shown in Table 3.3, the other performance parameters
changed slightly but were still similar to this configuration. This configuration was labeled
the “650 W upstream run,” because the performance values match the 650 W run, and also
because most of the potential drop occurs upstream of the exit plane (as will be seen in

Chapter 6).

The “650 W downstream” run catalogued in Table 3.2 was selected because the
performance parameters of this case matched those seen in the 650 W upstream run, but
also because a significant portion of the plasma potential drop was shifted downstream of
the exit plane. To select the 200 W runs in Table 3.2, for which thrust, specific impulse,
and efficiency data were not available, the same transition locations were used as in the 650
W runs, but the mobility coefficients were adjusted so that the current measured the value
seen in the experiment. Note that the performance parameters of the 200 W upstream and

downstream runs match well.
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Table 3.2: Description of the four cases modeled in HPHall.

m Transition Mobility
Run Name Vb [V] [mg/s] Locations [m] Coefficients Tep/Tex
Nominal 7=0.025,
2.1=0.027, .=0.01,
ef(m;tii:‘e:i) 300 234 22=0.029, | =01, a,=1 0-55
P 2,=0.031
2.=0.025,
650 W 2.1=0.027, a=0.055,
upstream 300 L7 2¢9=0.029, =05, =1 0.5
2p=0.031
2.,=0.034
¢ ' a.=0.125,
650 W 300 1.7 2e1=0.036, a.=1.1, 0.3
downstream 2¢9=0.036, o—11
2,=0.036 P
2.=0.025,
200 W z.1=0.027, .=0.03,
upstream 250 0.8 2¢9=0.029, =03, ap=1 0.5
2p=0.031
2.=0.034,
200 W 2.1=0.036, .=0.13,
downstream 250 0.8 2¢9=0.036, ae=1, ap=1 0.3
2,=0.036
Table 3.3: Performance parameters of the cases modeled in HPHall.
™ Thrust :
Run Name | Vp [V I [A Isp [s Efficienc
p [V] [mg/s] a [A] p [s] Y
Bxperimentall 55, | 55 2.2 0.04 | 1.6x10° | 0.4
values
Nominal
matchto | 500 | 034 | 22 | 004 | 16x10°| 04
experi-
ment)
650 W 300 1.7 2.2 0.03 1.7x103 0.4
upstream
650 W
down- 300 1.7 2.2 0.03 | 1.8x10° 0.4
stream
200 W 250 0.8 0.8 0.009 | 1.0x103 0.2
upstream
200 W
down- 250 0.8 0.8 0.008 | 1.0x103 0.2
stream
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3.3.3 lon Tracking and Energy Distributions

lon tracking was done using an addendum to HPHall written by M. K. Scharfe at the
AFRL. In this code, position, velocity, and mass values of ion and neutral macro-particles
are recorded as they cross the outer boundary of the simulation domain. Both Xe™ and
Xe?+ were tracked, in addition to the neutral particles. Additionally, the time at which the

particles crossed the boundary was recorded.

To compare the ion trajectory data to the data from the experiment, post-processing
codes were created that generated simulated Faraday probe, ExB, and RPA traces. To build
up a Faraday probe trace, the macro-particle positions were extrapolated from the outer
boundary of the simulation domain to a plane parallel to the thruster exit plane, at a
specified axial distance. This plane was divided up into “bins” spanning the radial distance,
as shown in Figure 3.8, and the number of projected macro-particles in each bin was counted.
Note that the ions were assumed to follow straight line trajectories once they passed the
simulation boundary, so the effects of mechanisms, such as collisions, are not reflected in

the simulated data.

To obtain a measure of the ion current, the number of macro-particles in each bin
had to be multiplied by the number of actual particles per macro-particle, then multiplied
by q (the particle charge), then divided by the total time over which the simulation was run,
to get the current in amps. Also, since the HPHall data represents two-dimensional data,
to correctly scale the data the area accounted for by each bin had to be considered. If the
HPHall data was rotated 360° about the centerline, the radial bins would appear as rings on
the projected plane, as shown in Figure 3.8. Dividing the ion current into each bin by the
area of the bin thus gave a measurement of ion current density which could be compared

to the experimental Faraday probe traces.

ExB probe traces were easily created from the Faraday probe data simply by re-
stricting the bound on the velocities and angles that the ions could have. Only ions with
trajectories with angles within +/- 1° of the probe angle and within +/- 1 percent of the
primary energy of the device were included in the ExB trace. As in the case of the Faraday
probe, the ExB traces also had to be divided by the bin area to obtain a measurement that

could be compared to the experimental data.

RPA traces were created by first setting the angle and distance of the probe, as
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shown in Figure 3.9. From this, the axial distance of the probe was calculated, the particles
were projected onto a plane at that radial distance, and the projected area of the RPA
collector onto that plane was calculated. The particles were filtered based on whether they
intersected this area of the plane. Additionally, the angle of acceptance of the RPA was
considered, so particles were accepted as part of the RPA signal only if their trajectory angles
fell within +/- 7.5° of the probe angle. As with the Faraday probe and ExB data, the RPA

current data had to be divided by the projected area to correctly scale it.

projected
ion path T

\\ ]\ radial

1 bin / \
P D
rotate about Qy
thruster

centerline

projected
bin area

Figure 3.8: Simulated Faraday probe trajectory projection onto a plane parallel to the
thruster exit plane. Note that the projected area of the radial bin forms a ring, with area

pi(rs —r?).

3.3.4 Oscillation Analysis

One feature of HPHall is that it successfully captures two types of oscillatory phenomena
in the Hall thruster plume. It was important to consider the effect of oscillations, because
instabilities can cause the potential distribution, and hence the electric field, to vary at
different points in time. Breathing mode oscillations, which occur at about 20 kHz, can be

described using the following equations:

On; _ A Ui
5 = ¢ (Te) ning, — n; T (3.19)
on, ‘ Up,
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Figure 3.9: Simulated RPA trajectory projection onto a plane parallel to the thruster exit
plane. The width of the ring, 7o —r1, is equal to the diameter of the RPA collector multiplied
by the cosine of the probe angle.

where ((T.) is the ionization rate coefficient, and n} is the rate of ions leaving or
neutrals entering an ionization region of length L. These equations are the same as those
used to describe predator-prey relationships, and thus this type of oscillation is also referred
to by that name [14, 36, 37]. Additionally, transit-time oscillations occur at the frequency
of roughly 200 kHz. These fluctuations are believed to be the result of a localized rise in the
electric field near the anode, which then propagates along the channel, and happens over
the same time scale that it takes an ion to “transit” the thruster channel [14, 37].

The effect of oscillations were accounted for by recording parameter data at different
points in the simulation. Because the ion time step is 0.05 microsec, and the time scale
of the two different oscillations were 50 microsec and 5 microsec, data was taken every 10
time steps, for 5000 time steps, so that both the predator-prey and transit-time oscillations

could be visualized.
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Chapter 4

Simulation Approach - Corner
Sheath Model

In addition to HPHall, an independent plasma sheath model was developed to simulate
the near-wall region of the thruster near the exit plane. After initial HPHall runs did not
exactly match the experimental data, it was theorized that the plasma sheath near the corner
of the wall could possibly lead to a large enough radial electric field to accelerate high energy
ions out to the high angles seen in the experiment. HPHall could not be used to investigate
this hypothesis because it is a quasi-neutral code that does not resolve the sheath.

This chapter describes the simulation method used by the corner sheath model, which
was developed by the author with help from colleagues at the Jet Propulsion Laboratory
(JPL) and the Air Force Research Laboratory (AFRL). All of the information regarding the
equations, numerical approach, simulation domain, and boundary conditions for this model

is included in this chapter.

4.1 Corner Sheath Model - Motivation

During the effort to determine how high velocity ions are accelerated out to high angles,
it was hypothesized that the radial electric field necessary to bend ion trajectories toward
high angles could be provided by the sheath at the corner of the Hall thruster exit. In a
quasi-neutral plasma, a region of non-neutrality will develop naturally at a wall due to the
imbalance between the thermal electron and ion fluxes towards that surface. This non-
neutral region, the sheath, has its own internal electric field that is directed towards the

wall [38]. Therefore, an initially axially-moving ion that enters the sheath, as illustrated in
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Figure 4.1, will be deflected by this field. By how much depends on the sheath thickness

and potential profile, as well as the point at which the ion encounters the sheath.

ion trajectories

___/X\ sheath

X

dielectric corner

\

Figure 4.1: Bending of ion trajectories due to the sheath. lons with initially axial velocities
may be deflected by the sheath's internal electric field.

HPHall is insufficient to examine the effects of the sheath because it replaces the
sheath with a boundary condition, and forces the ion velocity at the wall boundary to be the
ion acoustic, or Bohm, velocity [32]. Efforts have been made outside HPHall to address the
problem of sheath development in a flowing plasma. Hong and Emmert, for example, have
investigated sheath behavior in the wake of a metal target [39]. While useful from a problem
formulation standpoint (the same equations and numerical solution methods can be applied
to the dielectric corner problem), the geometries examined in these cases were not similar

to that of the current problem, nor were the effects of a dielectric material considered.

Studies conducted by Ahedo have treated the effects of plasma flowing past annular
dielectric walls, as is the case in a Hall thruster. In Ahedo's work, a model was first developed
to describe the pre-sheath (the quasi-neutral region outside the sheath) [40]. This model
was then linked to equations describing the non-neutral sheath, so that ultimately the entire
domain, from one wall to the other, was simulated. Secondary electron emission at the
walls was also taken into account [41]. However, this approach cannot be directly applied
to the problem of radial acceleration within the sheath, because it assumed a “zero-Debye
length limit,” i.e., the sheath was assumed to have zero thickness. Also, the presence of
the corner at the exit adds a further complication to the direct application of this method

to the problem at hand.
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To resolve the sheath and determine whether it has a significant effect on ion trajec-
tories, a 2D framework was developed to solve the standard sheath equations while including
the effects of secondary electron emission due to ion collisions with the dielectric wall. This
model solves continuity, momentum, and Poisson’s equations iteratively to determine den-

sity, velocity, and potential profiles within the sheath.

4.2 Sheath Equations

To model the sheath, the familiar hydrodynamic sheath equations were applied [39]. These
equations consist of ion continuity and ion momentum conservation, as well as Poisson’s
equation. Electron density is modeled using the Boltzmann relation. For reference, the

direction perpendicular to the wall normal vector will be called the “axial” or “z" direction,
while the direction parallel to the wall normal vector will be called the “radial” or “r"
direction (as in HPHall, corresponding to Hall thruster convention). The equations, which

hold for a collisionless plasma, are as follows:

88711- +V - (ngii;) = 0 (4.1)
8(21@ V- (ngisil;) = —Zj Vo (4.2)
V2 = —% (ni — ne) (4.3)
Ne = noeap ( ]:;f) . (4.4)

To simplify the calculation, one can combine Eqns. 4.3 and 4.4 and introduce the fol-

lowing non-dimensional parameters:
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0= Z—: - %/m@ (4.7)
¥ = ]:;f (4.8)
Substituting Eqn. 4.5 to 4.8 into the sheath equations gives
z? +V- (alf) =0 (4.9)
agtﬁ +V- (ﬁﬁﬁ) —0 (4.10)
V2x = — (7 —exp (X)) (4.11)

The non-dimensionalized equations, Equation 4.9 to 4.11 thus give three equations and

three unknowns (72, U, and ).

4.3 Boundary Conditions

To determine the boundary conditions, the approach of Hobbs and Wesson was used [42].
In this method, the non-dimensional electric field and potential can be determined by the

following set of equations:

. 72\ 2 (4.12)
1
2(eXv —1) [1——— -
+2(e ) 1-T ( 2w )
1-T T
Xo = —ln | = = (4.13)
[M(Zw,u)l/z (—477Xw)1/2]

. r ez
M? =14+ ——p/? (—) (1—2xw), (4.14)
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where M is the non-dimensional radial ion velocity, and:

p= e (4.15)

M=—_ (4.16)

\/kTe/mi

o =52 (4.17)
(2.
¢= % (4.19)

The variable I' is the secondary electron emission yield, as defined by:

FeQ

r=_2
I‘el

(4.20)

where T'¢; is the flux (nu) of primary electrons towards the wall, and T'cy the flux of
secondary electrons away from the wall. The SEE yield has been found, empirically, to be
a function of electron temperature, T, and the wall material. Numerous fits of I' as a
function of T, for boron nitride walls have been calculated. For the purposes of this study,

the power fits of Dunaevsky [43] have been applied:

where a = 0.5, Fy = 35, and T is in eV rather than K. Note that if I" is solely a function

of temperature, then Eqns. 4.12 to 4.14 are also only dependent on temperature. Knowing
I" allows these three equations to be solved simultaneously, as has been done in citex007.

The above set of equations allows the electric field and potential at the wall to

be determined. If the potential at the edge of the sheath is also known, then the sheath

equations can be solved to find the sheath thickness. Finding the potential at the edge of

the sheath is simple. Within the pre-sheath, the potential drops from its bulk value far from
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the wall to the value needed to accelerate ions to the Bohm velocity. If the velocity in the

bulk is assumed to be zero, then the potential at the pre-sheath/sheath boundary is:

1mi o 1m; kT, 1 kT,

Ps = Pbulk = 5 Vbohm = Poutk = 5~ o Pout — 5= (4.22)
So the non-dimensional potential at the edge of the sheath is:
1
Xs = Xbulk — 5 (4.23)

So if one knows the potential far from the wall, one can easily calculate the potential at
the sheath edge.
The way that the above algorithm was used was to first solve for xs using Eqn. 4.23.
Then, by using the electron temperature profile from HPHall, solve for I, Ew, and y,, using
Eqns. 4.12 to 4.13. After the boundary conditions were calculated, the values of s and x.,
were fed into the model, along with a guess for the sheath thickness. From these inputs the
model would calculate the value of Ew. If that value was within an acceptable error, then
the calculated potential profile was accepted as the solution. If it was not, the model would

iterate on the sheath thickness, until an acceptable solution was reached.

4.4 Numerical Method

The problem was divided into two separate parts: a fluid solver and a potential solver.
The fluid solver determined the values of ion density and velocity from the continuity and
momentum equations, given a potential field. The potential solver determined the potential
field from Poisson’s equation based on the ion density and the potential from the previous
time step. Program flow is shown in Figure 4.2.

A finite volume approach was used to calculate the spatial derivatives of the fluid
equations on a rectangular grid with uniform spacing in the axial and radial directions.
First order upwind values were used to compute velocities at the boundaries of each cell,
while density was calculated at the cell centers. Time derivatives were calculated using the

Beam-Warming algorithm to ensure stability [39, 44], as shown in Eqn. 4.24.

87f _ 3fn+1 _4fn+fn—1
ot 2At ’

(4.24)
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Figure 4.2: Corner sheath model program flow.
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where f™ indicates the value of f at the current time index, so f"~! is the value of f

at the previous time step, and f"*! is the value of f at the following time step.

Finite volumes were also applied to the spatial derivatives of Poisson’s equation, and
the potential field was solved by applying an iterative Gauss-Seidel scheme (Eqn. 4.28) [45].
Eqgn. 4.11 can be discretized by writing the spatial derivatives according to the finite volume

method:

0%y 1
902 = Ag? WLk = 2k T XG-1k) (4.25)
0%x 1
02 Ag? (Xjk+1 = 2X5k + Xjk—1) (4.26)

where j is the x-index, and k is the y-index of the point at which the derivative is being
taken. Applying Eqns. 4.25 and 4.26 at all the points in the domain, and then plugging this

into Egn. 4.11 results in a matrix equation of the form:

A -x=b, (4.27)

where x is a vector corresponding to the values of y at each point in the domain. The

Gauss-Seidel algorithm can then be applied to Eqn. 4.27

(L+D)-x"=-U-x"!4b, (4.28)

where D is the diagonal part of A, L is the lower triangle of A with zeros on the diagonal,

and U is the upper triangle of A with zeros on the diagonal, such that:

A=L+D+U. (4.29)

Note that r in Eqn. 4.28 is the index of the current iteration, and r» — 1 is the index of
the previous iteration. Initially, a guess is made for the values of x, and then x is iterated

on using Eqn. 4.28 until the solution reaches a steady state.
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4.5 Model Verification

The model was validated by comparing its result to those obtained using the standard 1D

sheath equations. In 1D, the non-dimensional sheath equations are:

Al =1 (4.30)
U? +2x = (4.31)

0?x 5
92 T (7 —exp (X)) , (4.32)

where p = r/Ap. By using Eqns. 4.30 and 4.31 to solve for the ion density, one can

derive the following:

aQX _ -1/2
o2 ((1 —2x) " —eap (x)) : (4.33)
Equation 4.33 is an ODE that can be solved using standard methods given conditions
for x and dx/0p at the outer boundary, and either the sheath thickness (if known) or the
value of x at the wall boundary. Figure 4.3, 4.4, and 4.5 shows a comparison of the 1D
solution and the results of the 2D solver. In each case, X, Xx«, and the sheath thickness
were used to determine the potential profile within the sheath. The comparisons shown in
Figure 4.3 to 4.5 suggest that the 2D code solves the sheath equations with an acceptable

degree of accuracy, and thus can be applied to the problem of the sheath at a dielectric

corner.

4.6 “Quasi”’-2D Application

When implementing the 2D sheath model, two major complications arose. First, the initial
intent was to apply the 2D solver to a domain that encompasses the entire area surrounding
the corner, as shown in Figure 4.6. However, to carry out the calculation in this region, a
major obstacle must be overcome. It is important to note that as the value of the potential
on the outer boundary changes, so does the thickness of the sheath. Therefore, because the

2D solver is only valid in the region inside the sheath, in order to implement the solver in



61

Non-dimensionalized Potential, 2D Solver
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Figure 4.3: Comparison of 1D to 2D model, example 1. In this case x = 0 at the outer
boundary and x,, = -1. The sheath thickness was 2.
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Figure 4.4: Comparison of 1D to 2D model, example 2. In this case x = 0 at the outer
boundary and x,, = -1. The sheath thickness was 4.
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Figure 4.5: Comparison of 1D to 2D model, example 3. In this case x = 0 at the outer
boundary and x,, = -1. The sheath thickness was 8.
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its current form, the width of the simulation domain must be allowed to vary. Alternatively,
rather than having a variable-width domain, one could attempt to solve the sheath as well as
the quasi-neutral region adjacent to it (the “pre-sheath™). This has been done, for instance,
by Ahedo [40, 41]. Additionally, techniques for joining the two regions have been developed,

such as asymptotic matching [46] and patching [47].

solution domain

quasi-neutral region

sheath

dielectric corner

Figure 4.6: Corner sheath model solution domain. If the entire pre-sheath /sheath solution is
obtained, the solution domain must be split up into two regions. If just the sheath solution
is obtained, the width of the domain must vary.

Rather than start by attempting to implement a variable-width domain or solve the
entire pre-sheath/sheath problem, an intermediate step was taken. In this step, the 2D
solver was applied to small cells along the corner. The cells were sized such that it could be
assumed that the potential, electric field, density, and velocity were constant along the outer
boundary of the cell, as illustrated in Figure 4.7. Then for each cell, the 2D solver was used
to find the variation of the potential within the sheath, as well as the sheath thickness. In
this fashion, the variation of the sheath thickness and the electric field in the axial direction
could be estimated.

Based on the results that were later obtained using this quasi-2D approach, it was
determined that a full 2D application of the solver to the sheath problem was not needed.
The question of whether the high angle, high velocity ions could be explained by acceleration

through the sheath was answered sufficiently using the quasi-2D approach.
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Figure 4.7: Applying the 2D solver in a “quasi”-2D fashion. The solver was applied to cells
over which the boundary values could be assumed constant.
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Chapter 5

Experimental Results and Discussion

This chapter details the results from the experimental survey of the SPT-70. Faraday probe,
ExB filter, and RPA traces are shown, along with noteworthy observations and thorough anal-
ysis of the data. Uncertainty is also considered, and the results of the analysis are provided
within each section. The purpose of the experimental investigation was to characterize the
central jet and high angle ion trajectories for two different operating conditions (200 W
and 650 W). In the process, these measurements helped to generate theories regarding the
central jet formation and the generation of high energy, high angle ions.

The experimental data show some interesting features. The ExB scans suggest,
for example, that the evolution of the plume is largely due to ions moving inward toward
the thruster centerline as opposed to ions moving away from it. These scans also show
a substantial proportion of ions in the central jet have purely axial (0°) trajectories, even
though to reach the centerline they must start with trajectory angles that are greater than
zero. As mentioned previously, the RPA data show that there is a substantial population of

high angle, high energy ions, in particular at a power level of 200 W.

5.1 Results and Discussion - ExB Filter and Faraday Probe

Before discussing the ExB and Faraday probe results, it is important to explain a few concepts
that will make interpretation of the data easier to understand. First, it should be noted that
the ion current measured by this probe is the current of Xe™ into 0.8°, due to the collimation
provided by the apertures (as discussed in Section 2.4). In the following sections, the ExB
filter ion current density values are given in A/m?, and simply represent the current into

0.8°, divided by aperture area. In contrast to the Faraday probe results, which represent the
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non-collimated ion current density for all species, the ExB data represent the collimated ion
current density for Xe™ ions with the primary beam energy.

In order to ensure that the ExB measurements correctly scale with the Faraday probe
measurements, given the angle and velocity restrictions in the ExB data, a quick “sanity
check” calculation was done. In this calculation, data from the Faraday probe was compared
to data from the ExB probe at an angle of 0°, at an axial distance of 100 mm, for the 650
W condition. At this location, the Faraday probe measures a peak in ion current density
of about 2000 A/m? (see Figure 5.13), while the ExB probe measures a peak in current
density of about 0.007 A/m? (see Figure 5.11). To estimate the reduction in current due to
the angle restriction of the aperture, it was assumed that all of the ion current emitted by
the thruster exited through a half-sphere of radius 100 mm. This corresponds to a surface
area of 0.02 m2. Since the viewing area of the probe is equal to 7.4x10~7 m? (the aperture
area), the current density should scale as 7.4x1077/0.02 = 3.5x107, just due to the angle
restriction alone. If it is assumed that the velocity restriction further reduces the current
by a factor on the order of 1 percent, then the current density measured by the ExB filter
should be roughly 3.5x1076 times less than what is measured by the Faraday probe. This
appears to be true, since 2000 A/m? multiplied by 3.5x107% gives 0.007 A/m?2.

Another important aspect of the ExB scans that should be pointed out is that because
of the direction of the scan and the way the probe is angled (see Figure 5.1, reproduced
from Section 2.6), for a given scan angle, 6, the probe only “sees” ions that are travelling
at +6 degrees, and not those at -6 degrees. Therefore, for one side of the channel (marked
“negative” in 5.1), the probe will only measure ions that are traveling with a radial velocity
component that is outward, away from the thruster centerline. Conversely, for the other side
of the channel (marked “positive” in the figure), the probe will only measure ions that are
moving inward. Therefore, in the plots in the following sections, the current density peak
corresponding to outward moving ions will show up to the left of the inward moving ion
peak.

Finally, in all the transverse ExB plots, the projected channel locations are also
shown. For a transverse scan at an angle, ions originating from the channel will not show
up between -35 and -20 and +20 and +35 mm. (This occurs because of the geometry of
the trajectories; an ion exiting at a certain angle and traveling a certain axial distance will

move in the transverse direction.) By plotting the projection, one can see from what part of
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Figure 5.1: Transverse scans taken with the ExB filter.

the thruster the ions originated, assuming that the ions follow field-free trajectories outside
the thruster. Additionally, one can see how much the ions needed to be accelerated in the

radial direction to end up in locations outside of the projected areas.

5.1.1 Transverse Scans

To start the analysis, it is best to first take a look at graphs that show all the transverse
results plotted together, to get an idea of the general trends shown in the data. Figure 5.2
shows the results from the transverse ExB scans at 200 W, while Figure 5.3 is the ExB data
at 650 W. Note that these plots are what Matlab refers to as “pseudo-color” plots, in which
a color is assigned to each rectangle in the plot based on the value of the ion current density
at the location of the rectangle. So essentially they are contour plots, except rather than
interpolating between points to create a distribution that looks continuous, these plots show
values at discrete locations with no interpolation. Figure 5.4 and 5.5 are contour plots of
the corresponding Faraday probe results for the 200 W and 650 W cases, respectively. Note
that the Faraday probe data in the far-field is plotted on a log scale, while in the near-field
it is plotted on a linear scale. These different scales were used so that the features of the
data could be more easily visualized.

Looking at the bottom plot in Figure 5.2, for which the probe angle was set to 0°,

one can see the transition from annular ring to central jet for the 200 W case. Note that
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Figure 5.3: Compiled ExB results, 650 W.
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Figure 5.4: Compiled Faraday probe results, 200 W.
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Figure 5.5: Compiled Faraday probe results, 650 W.
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the ring structure is present along with the jet structure between 75 and 100 mm from the
thruster. In fact, the ring has not fully collapsed onto the central jet until about 150 mm.
This suggests that the transition from one structure to the other is occurring over an axial
distance of about 75 mm (from 75 mm to 150 mm). In contrast, the 650 W case has a much
clearer transition from ring to jet, as shown in the bottom plot of Figure 5.3. This transition
seems to happen over a distance of 25 mm, from 75 to 100 mm. One note about the 0 and
10° cases shown in Figure 5.3 is that data from -100 to -400 and 50 to 100 mm are not
present, due to the fact that a substantial amount of leakage current was measured when
the probe was moved to these locations. This error was discussed previously in Section 2.4.

For the 200 W case, as the angle of the probe increases, a substantial ion current
density exists out to 40° off the channel centerline. As can be seen in the top plot of
Figure 5.2, even at 200 mm from the thruster, there is a current density of approximately 1
mA/m? due to ions moving with trajectories that are 40° relative to the thruster centerline.
In contrast, the ion current density drops off much more as the angle is increased in the 650
W case. As shown in Figure 5.3, most of the ion current is confined to within 20° of the
channel centerline. Thus, it appears that the 650 W case has much better collimation than
the 200 W. This is to be expected, due to the fact that the thruster has been optimized to
run at 650 W.

The Faraday probe results (Figures 5.4 and 5.5) also reveal a transition from ring to
central jet for both the 200 W and 650 W cases. However, the Faraday probe data show
the transition happening upstream of what is suggested by ExB data. In the 200 W case,
the Faraday probe data indicate that the transition region extends from roughly 15 to 30
mm, while in the 650 W case, the results suggest the region is from about 25 to 50 mm (in
contrast to 75 to 150 and 75 and 100 mm, respectively). This apparent discrepancy occurs
because of the much larger acceptance angle of the Faraday probe, which is essentially 180°.

The data presented in Figures 5.2 and 5.3 can be divided up into individual plots,
for each transverse scan taken at a different axial position. Rather than discuss each of
these plots, which would involve a large amount of repetition, several examples have been
extracted and will be discussed in the following subsections. The cases that have been
selected are the 50, 100, and 150 mm scans, at all angles, from both the 200 W and 650
W cases. These scans were selected because they capture the transition region of both

operating conditions. For reference, all of the individual plots are contained in Appendix A.
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5.1.1.1 200 W Results

Figure 5.6 shows the results of transverse scans for the 200 W condition, at different angles
relative to the centerline, at an axial distance of 50 mm. At 0°, there are two roughly
symmetric peaks that line up with the centers of the channel. This suggests that at 50 mm,
most of the axially-directed, high velocity ion current density originates within the channel,
and that both sides of the channel contribute equally. At 10°, in contrast, more ion current
density is associated with inward moving ions, as shown by the larger area under the right
peak. Also, the data show that not all inward-radial ions have taken straight paths from the
channel to the probe; rather their trajectories have been bent (this is seen by the ion current
density that appears to the left of the projected channel location). The same phenomenon
is present at 20 and 30°. At 40°, the overall high velocity current density starts to decrease,

and drops off considerably at 50°, although there are still high velocity ions present at 60°.

These results indicate for the collimated ExB probe at 50 mm, most of the angle-
resolved high velocity ion current density falls between angles of 0 and 50°, and that the
majority of current density at angles of 10 to 40° is directed inward, rather than outward.
Also, at these angles there is a substantial proportion of current density that has not traveled
directly from the channel. This suggests that there is a mechanism outside the exit plane
which is pushing the ions inward. The data provided here thus offers clues as to the size
and direction of an external electric field. Explanations include the residual electric field
that exists outside the channel, as well as a disparity that exists in ion density outside the
channel (since no ions are produced at the center of the thruster exit plane). A residual or

induced magnetic field is not sufficient to explain these results.

Figure 5.9 shows the corresponding Faraday trace at 50 mm and with zero angle
relative to the centerline. In this trace, there is a single sharp spike at the center, and the
individual channel peaks are not discernable. This suggests that at 50 mm, most of the total
ion current density is due to a central jet of ions rather than an annular ring, meaning at
this distance the transition from one to another has already occurred. Comparing this to the
ExB data suggests that although there is still a ring of axially directed ions, the non-axial

contributions that make up the jet are significantly larger.

Figure 5.7 shows the results of transverse scans for the 200 W condition, at different

angles relative to the centerline, for the 100 mm case. At 0°, rather than two distinct
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peaks, there is a central peak with “shoulders” that correspond to the two sides of the
channel. At 10°, one sees the same phenomena that were present at 50 mm, i.e., a larger
contribution to the high velocity ion current density by the inward-radial ions, and ions not
following straight-line paths. At 20 and 30°, the inward-radial current density is larger than

the outward-radial current density.

Comparing this data to the 50 mm case suggests that the angle-resolved high velocity
ion current density falls off more rapidly as the angle increases. The majority of the ion
current leaves the thruster at angles less than 30°, whereas at 50 mm, a significant proportion
of ion current density is seen at 40°. Thus, the high velocity ion beam appears to be more

convergent at 100 mm.

Figure 5.9 shows the corresponding Faraday probe trace at 100 mm and with zero
angle relative to the centerline. The overall density is smaller than at 50 mm, which is to
be expected, and the peak is less sharp. This suggests that the beam is less convergent at
100 mm, which is at odds with the conclusion reached from the ExB data. However it is
important to note that the Faraday probe accepts all forward velocities, so the peak may

appear wider due to contributions from lower velocity ions.

Figure 5.8 shows the results of transverse scans for the 200 W condition, at different
angles relative to the centerline, for the 150 mm case. The 0° case clearly shows that the
beam has transitioned fully from the ring to jet, but in contrast to the 100 mm case, the
central peak is wider and the shoulders are not as distinct. At 10°, the contribution of the
inward moving ions is still greater than that of the outward moving ions, although the two
peaks in the data appear to have merged. At 20°, the contibutions of the two sides of the
channel are separate and distinct, and the peak heights decrease in magnitude as the angle
is further increased. Continuing the trend seen from the 50 mm to the 100 mm case, the
beam appears to have a greater degree of collimation, as most of the ion current density is

seen at angles less than 20°.

Figure 5.9 shows the corresponding Faraday probe trace at 150 mm and with zero
angle relative to the centerline. Comparing this to the 100 mm case, one sees significant
spreading of the beam, and a decrease in ion current density. Again, as in the 100 mm case,
this is at odds with the ExB results, but could possibly be explained by the fact that the

Faraday probe is accepting all species rather than just high velocity Xe™.
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Figure 5.6: ExB results, 200 W case, at 50 mm.
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Figure 5.8: ExB results, 200 W case, at 150 mm.
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5.1.1.2 650 W Results

Figure 5.10 shows the results of transverse scans at 650 W, at different angles relative to
the centerline, for the 50 mm case. This shows roughly the same trends as the 200 W case:
larger inward-radial current density, and substantial deviation from straight line trajectories
as the angle increases. Figure 5.13 shows the corresponding Faraday probe trace at 50 mm
and with zero angle relative to the centerline. In this trace, there is a large peak at the
center, with “shoulders” on the distribution that appears to correspond to the channel, and
which are not present in the 200 W case. This suggests that at 650 W, at 50 mm the
annular ring makes a proportionally greater contribution to the total ion current density
than it does in the 200 W case. Thus, it appears that the beam takes a longer distance to
transition from ring to jet as the power is increased.

Figure 5.11 shows the results of transverse scans for the 650 W condition, at different
angles relative to the centerline, for the 100 mm case. Again, this shows roughly the same
trends as were seen at the 200 W condition. Figure 5.13 shows the corresponding Faraday
probe trace at 100 mm and with zero angle relative to the centerline. Unlike the 50 mm
case, there are no shoulders in the trace; rather there is a single peak at the center of the
distribution. This peak is higher in magnitude than the central peak in the 50 mm case, so
the central jet has a greater total current density at 100 mm than at 50 mm.

Figure 5.12 shows the results of transverse scans for the 650 W condition, at different
angles relative to the centerline, for the 150 mm case. In this case, the beam appears to be
fully transitioned to the central jet, since the contributions from the two sides of the channel
appear to have merged, even at higher angles off of the centerline. Figure 5.13 shows the
corresponding Faraday probe trace at 150 mm and with zero angle relative to the centerline.
In contrast to the 200 W case at 150 mm, the Faraday probe trace appears to have less

spread, and thus it appears that the beam is more tightly collimated.

5.1.2 Axial Scans

Figure 5.14 and 5.15 shows the results of the axial scans for the 200 W and 650 W cases.
Along the channel center, the Xe™ angle-resolved high velocity ion current density drops off
monotonically. However, along the thruster center, the current density peaks at roughly 125

mm downstream of the exit plane, and has a precipitous drop at roughly 330 mm. This is
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Figure 5.10: ExB results, 650 W case, at 50 mm.
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Figure 5.11: ExB results, 650 W case, at 100 mm.
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strong evidence for an axially directed central jet that is made up of high-velocity Xe+ ions,
as discussed previously.

It is also worth noting that along the channel centerline, the 650 W case behaves
quite differently than the 200 W case. This can be seen by comparing Figure 5.14 to
Figure 5.15. In the 200 W case, the ion current along the centerline is maximum at the
exit plane, while in the 650 W case, the maximum is at 75 mm. One likely cause of this
anomaly is that during an axial scan, the probe spends the duration of the scan directly in
front of the thruster channel. This could lead to neutrals building up in front of the device,
blocking a portion of the ion current. (In contrast, during a transverse scan the probe only
spends a small fraction of the scan directly in front of the thruster channel). In the 200 W
case, this discrepancy was not seen, most likely due to the lower ion and neutral densities.

Along the thruster centerline, the results at 650 W are similar to those at 200
W. Although the shape of the distribution is different, it still peaks at about 125 mm
downstream, then decreases as axial position increases. Again, this indicates the presence
of an axially directed jet. It is important to note that in both the 200 and 650 W cases, the
largest high velocity ion current density that is axially directed is in a location that cannot
have come directly from the channel. Therefore, there must be a mechanism within the
near field that is changing ion trajectories as they leave the channel. As mentioned in the
analysis of the transverse data, potential gradients caused by the residual electric field or

non-uniform plasma density might influence ion motion in the near field.

5.2 Uncertainty in the ExB Data

As mentioned in Section 2.4.3, there are quantifiable uncertainties in the velocity measure-
ment and the angle of acceptance of the ExB measurments. The velocity of accepted ions
was found to be within one percent of the velocity that the ExB filter was set to accept
(vaece = E/B). This means that the measured ions were within +/- 1 percent of the primary
energy ion velocity. Also, the acceptance angle was 0.8°, meaning that the ion trajectories
were within +/- 0.8° of the set angle of the probe. Finally, the measured position values
are within +/- 1 mm, which is the precision of the translation stage.

In addition to these quantifiable uncertainty values, there is a possible systematic

uncertainty in the ion current density measured by the device. This is introduced by some of
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the other possible sources of error that were discussed in Section 2.4.3 (such as the neutral
density inside the device). The ideal way to quantify this systematic uncertainty is to
calibrate the ExB filter on an ion source with a known current flux and velocity distribution.
However, since this was not available in this case, there is a considerable uncertainty in the
ion current density values measured by the device (the author’s opinion is that it could be as
large as a factor of two). Nonetheless, because the uncertainty is systematic (i.e., constant
for a given thruster operating condition), it is acceptable to compare two traces taken at the
same operating condition, as was done in the preceding sections. It should also be noted
that this type of uncertainty should not have an impact on the x-axes of the ExB plots in
the previous sections (the transverse or axial location of the probe), nor should it have an
influence on the trajectory angles of the ions, since these values are set by the positioning

system and the angle of acceptance, respectively.

5.3 RPA Analysis

As discussed in Section 2.5, the RPA raw data represents the “integrated” ion current,
i.e., the current corresponding to ions above a certain energy. To obtain the ion energy
distribution, the derivative of the raw data must be taken. (The differentiation method
is described in Section 2.5, as well as the uncertainty introduced to the data through this
process.) In this chapter, just the differentiated data will be presented. The raw data can be
found in Appendix B so that the reader can clearly compare the total ion current between
scans if desired.

The individual RPA scans were taken at a fixed distance from the thruster center,
at different angles off the thruster centerline (see Section 2.6). In the 200 W case, scans
from 0 to 30° were taken at a radial distance of 600 mm, while scans from 40 to 90° were
taken at a distance of 400 mm. The same was done for the 650 W case, except for the scan
at 0°, for which the radial distance was 1000 mm. The distance from the thruster was not
the same for all scans due to facility constraints (at high angles the radius of the chamber
limited the radius at which the RPA could be positioned), and due to device constraints (if
the RPA was too close to the thruster, the high ion density inside the device led to electrical
arcing between grids).

Energy distributions were calculated by taking the derivatives of the integrated cur-
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rent plots. After the derivatives were taken, the energy distributions were normalized by the
total ion current, so that the integral over all energies equals one for each plot. Therefore,
the plots in Figures 5.16 to 5.21 show the proportion of ion current versus ion energy, rather
than the value of the current itself. This normalization was done so that different scans
could be compared on the same scale, even if the scans were taken at different distances
from the thruster. The alternative was to adjust the data by using a certain scaling factor
that corresponded to the distance at which the data was taken. For example, the total
ion current could have been scaled by 1/R%. However, because of the uncertainty that
this scaling would introduce, it was decided that the plots presented in this chapter would
be normalized rather than scaled. For reference, the non-normalized plots can be found in

Appendix B.

Figure 5.16 shows that, at the 200 W condition, as the angle increases the proportion
of ion current due to primary beam ions decreases, and a greater proportion of ion current
at lower energies is present. Note that at 200 W, the thruster acceleration potential was 250
V, and the measured extraction potential of the cathode was approximately 20 V, so one
would expect to see primary beam ions at 230 eV/q, which is what is seen in Figures 5.16
to 5.18. At 20°, ions with energies as low as 100 eV/q are seen, while at 40°, ions with
energies as low as 20 eV/q are observed. However, even at 40°, there is still a substantial
proportion of ion current at the primary beam energy. This suggests that at 200 W, the

plume is not particularly well-collimated.

From 45 to 65°, as shown in Figure 5.17, the peak corresponding to the high velocity
ions continues to decrease in height, while a peak centered at roughly 30 to 40 eV emerges.
Previous research has suggested that this low energy peak can be explained by the effect of
charge exchange (CEX) collisions in which a fast moving Xe™ ion trades momentum with
a slow moving neutral Xe atom. Additionally, the mid-range energy ions (at roughly 50
to 200 eV) have been attributed to elastic scattering collisions [48]. For this angle range,
there is a substantial proportion of mid-range energy ions, the proportion of which remains
approximately constant as the angle is increased from 45 to 65°. Looking at the 65° trace,
one can see that the peak corresponding to the low energy CEX ions is larger than that
due to the primary beam energy ions. From 70 to 90°, as shown in Figure 5.18, the high
velocity ion peak continues to decrease in height, while the low energy CEX peak increases

in height, and the distribution of the elastically scattered ion energies shift toward lower
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values. However, it should be noted that even at 80°, a noticeable peak corresponding to
the primary beam energy is still present, and even at 85°, some high velocity ions can still
be seen.

For the 650 W case, from 0 to 40° (Figure 5.19), a high velocity ion peak is seen,
centered roughly at 270 eV/q. (Note that the acceleration potential for this case was 300
V, while the cathode extraction potential was roughly 25 V, so one would expect to see
the primary beam peak at roughly 275 eV/q) From 0 to 10°, the primary energy ion peak
decreases in height as angle is increased, and the proportion of elastically scattered ions
increases. At 0 and 10°, one can also see a “tail” off the primary beam energy peak,
extending to energies roughly 400 eV/q, which is substantially greater than the applied
acceleration potential of 300 V. As discussed in Section 2.5, an explanation for ions with an
energy per charge greater than the acceleration potential of the thruster is that these ions
have gone from Xe?* to Xet in a CEX collision.

Looking at Figure 5.19, between 10° to 20° the high energy peak actually increases
in height. This may be due to the CEX phenomena mentioned in the previous paragraph;
Xe?t ions that would have contributed to the peak height have been converted to Xet
and their energies have spread out in the high energy tail portion of the distribution. As
the angle is increased further from 20 to 40°, the primary beam energy peak decreases in
height, and the proportion of elastically scattered and CEX ions increases. At 40°, the
energies corresponding to elastic scattering dominate the distribution.

As in the 200 W case, as the angle is increased from 45 to 65° (Figure 5.20), the
low energy CEX peak increases in height while the primary beam energy peak decreases in
height. At 65°, there is no ion current due to the ions with the primary beam energy. As
the angle is further increased from 70 to 90°, the proportion of ions corresponding to elastic
scattering decreases, while the low energy CEX peak increases slightly in height. No high
velocity ions are present at these angles either.

Comparing the 200 W case to the 650 W case suggests that the 200 W case is
significantly less collimated than the 650 W case, since a larger proportion of ions with
the primary energy are seen at higher angles off of the thruster centerline in the 200 W
case. This can be seen clearly by comparing Figure 5.16 to 5.19, Figure 5.17 to 5.20, and
Figure 5.18 to 5.21. For example, by comparing the two cases at 45°, it is clear that in the

200 W case, the high velocity ions make up a major proportion of the ion current, whereas
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in the 650 W case, the mid-range elastic scattering energies dominate the distribution.

In terms of high angle ions with the primary beam energy, in the 200 W case, these
ions can be seen out to 85°, while in the 650 W case these ions can be seen out to 60° from
centerline. This begs the question: if the thruster is designed such that the electric field is
primarily axial, then how are initially axial ions being accelerated out to high angles off the
centerline? The answer to this question will be addressed in Chapter 6, and is an important
issue to arise from the experimental investigation, primarily because it has repercussions for

thruster integration onto spacecraft.

5.4 Uncertainty in the RPA Data

As mentioned in Section 2.5.3, there is a quantifiable uncertainty in the energy per charge
values in the RPA traces, due to the way in which the raw data was differentiated. The
bound on the energy per charge values was found to be +/- 3 V for the 200 W condition,
and +/- 5V for the 650 W condition. Again, as with the ExB probe, because the RPA was
not calibrated on an ion source with a known current flux/energy distribution, there was a
systematic uncertainty in the ion current measured by the RPA which could be as high as a
factor of two. However, since each RPA trace shown in this section was normalized by the
total current for the trace, this eliminates the effect of the uncertainty in the ion current
measurement. Nonetheless, one should keep in mind this uncertainty if one looks at the raw

and non-normalized data in Appendix B.

5.5 Sputter Yield Analysis

From a thruster integration standpoint, an important metric is the total sputter yield. Sput-
ter yield is a measure of the number of atoms that are liberated due to a collision between an
ion and a material surface. The higher the total sputter yield, the more damage done by an
ion of a given energy. By multiplying the RPA ion energy distributions (Figures B.7 to B.12
in Appendix B) by sputter yield distributions as a function of energy (Figures B.13 to B.16
in Appendix B), one can obtain a distribution of the total number of atoms of sputtered
material as a function of energy, as illustrated in Figure 5.22. This is what was done in

Figures 5.23 to 5.30, for several different elements likely to be found in materials used to
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make spacraft. Note that because all of the data plotted here were based on measurements
taken at 400 mm from the centerline of the thruster, there was no need to normalize these
plots so that they can be compared on the same set of axes. Therefore, the plots represent

2. The sputter yield distributions were taken from

the total sputter yield, in atoms/s/cm
Matsunami [49] and Doerner [50], and are shown in Appendix B.

Figures 5.23 to 5.26 are the total sputter yield for carbon, silicon, aluminum, and
titanium, for the 200 W case at angles between 40 and 80°. In general, these figures all
follow the same trend, i.e., the high energy peak makes the greatest contribution to the
total sputter yield. Additionally, there is some contribution from the mid-range energies,
as can be seen by the tail extending off the main peak to lower energies. Carbon has the
lowest total yield, while aluminum has the highest sputter yield. These figures show that
even though the primary energy peak may be smaller in height than the low energy CEX
peak in the energy distributions (as seen in Figures 5.16 through 5.18), in regards to total
sputter yield the primary energy peak is a much greater concern.

Figures 5.27 to 5.30 are the total sputter yield for carbon, silicon, aluminum, and
titanium, for the 650 W case at angles between 40 and 80°. In contrast to the 200 W
case, in the 650 W case the carbon graphs show that the height of the high energy peak
is comparable to the height of the structure corresponding to the mid-range energy ions.
Additionally, because the high energy peak is narrower than the mid-range energy structure,
it contributes less to the total sputter yield. In the case of the other materials, the high
energy peak is taller than the mid-range structure, although if one were to take the integral
of the curve, the contribution of the two structures would be comparable. Therefore, the
data show that at 650 W, although the high energy peak is still a significant contributor to
the total sputter yield, it is not necessarily the dominant contributor. In the 650 W case,

elastically scattered ions appear to be of equal concern.
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Figure 5.25: Aluminum sputter yield estimate as a function of energy per charge, 200 W.
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Figure 5.26: Titanium sputter yield estimate as a function of energy per charge, 200 W.
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Figure 5.27: Carbon sputter yield estimate as a function of energy per charge, 650 W.
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Figure 5.28: Silicon sputter yield estimate as a function of energy per charge, 650 W.
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Chapter 6

HPHall Results and Discussion

This chapter details the results from the HPHall simulations. As described in Section 3.3.2,
four different HPHall runs were selected: (1) a 650 W power level in which most of the
acceleration region was upstream of the exit plane, (2) a 650 W power level in which a
substantial proportion of the acceleration region was downstream of the exit plane, and
(3) 200 W “upstream” and (4) 200 W “downstream” conditions. For each of these runs,
averaged plasma parameters particle trajectories were tracked. The purpose of the HPHall
simulations was to investigate the formation of the central jet, as well as determine whether
certain configurations in HPHall could come close to reproducing the high angle, high energy

ion populations seen in the experiment.

Simulated Faraday probe, ExB, and RPA traces were created from the HPHall out-
puts. Uncertainty values for these data were also calculated and are presented in this
chapter. Although it was not expected that these simulated traces would exactly match
those presented in Chapter 5, they do provide some insight into the physical mechanisms
that determine the characteristics of the thruster plume. For instance, the simulated ExB
results show that the central jet is not just the result of a symmetrically expanding ion
beam, but that it also is influenced by asymmetry in the internal plasma potential profile.
Additionally, although none of the four runs exactly reproduce the RPA results seen in the
experiment, the simulated RPA results are clearly signatures of the internal electric field and

ion density of the thruster.
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Table 6.1: Description of the four runs modeled in HPHall.

m Transition Mobility
Run Name | Vp [V] [mg/s] Locations [m] Coefficients Te/Tex
2.=0.025,
650 W 201=0.027, .=0.055,
upstream 300 1.7 2¢9=0.029, =05, ap,=1 0.5
2p=0.031
650 W 2c=0.034, ,=0.125,
down- 300 1.7 21=0.036, ae=1.1, 0.3
ctream Ze2=0.036, a,=11
2,=0.036
2.=0.025,
200 W 201=0.027, .=0.03,
upstream 250 0.8 Ze9=0.029, =03, ap=1 0.5
2p=0.031
200 W 2.=0.034,
down- 250 0.8 21=0.0%, =013 0.3
ctream 2¢9=0.036, ae.=1, ap=1
2,=0.036

6.1 HPHall Run Conditions

As discussed in Section 3.3.2, two different runs per operating condition were modeled in
HPHall. In one run the acceleration region was upstream of the exit plane, while in the
other a significant portion of the acceleration occurred downstream of the exit plane. These
runs were labeled as described in Table 6.1: (1) 650 W upstream, (2) 650 W downstream,
(3) 200 W upstream, and (4) 200 W downstream.

6.2 Time Averaged Results from HPHall

6.2.1 650 W Results

Figures 6.1 to 6.5 show time-averaged plots of the plasma potential, electron temperature,
ion density, ionization rate, radial and axial electric field, respectively, for the 650 W upstream
run. As can be seen in Figure 6.1, most of the potential drop occurs between z = 0.0200
and z = 0.0290 m (the exit plane). At the exit plane, the potential is about 100 V. Looking
at the axial electric field plot (Figure 6.2), it is clear that most of the acceleration occurs
between these two axial locations.

The radial electric field plot (Figure 6.3) shows that the radial component is approx-
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imately zero, except near the corners of the channel, where it is large. Near the corners,
it is comparable in magnitude to the maximum axial electric field at approximately 4 to
5x10* V/m. However, the extent of this region of high radial electric field is only several
millimeters from the corners, so for ions to be accelerated out to high angles, they would
have to pass within a millimeter or so of the corner. The electric field configuration thus
suggests that in the 650 W upstream run, few ions will be accelerated out to high angles.

Figure 6.4 shows a peak in electron temperature that occurs at roughly z = 0.025
m, with a maximum of about 35 eV. Figure 6.5 shows that the peak in ion density occurs
upstream of the peak in electron temperature, and is centered at about z = 0.015 m, with
a maximum of 12x10'” m=3. The ion density distribution is not symmetric about the peak
in the z-direction, rather it drops off more rapidly on the downstream side.

It is important to note that the ion density distribution is not symmetric about the
center of the channel (r = 0.0275 m) outside the exit plane of the thruster. There is a greater
ion density at smaller radial distances from the centerline. This can possibly be explained
by the slight asymmetry in the plasma potential plot, although the radial electric field plot
does not suggest that there is significantly greater acceleration inward versus outward.

Figures 6.6 to 6.10 show the time-averaged quantities for the 650 W downstream
run. In contrast to Figure 6.1, Figure 6.6 shows that for this run, most of the potential drop
occurs between z = 0.020 and z = 0.040 m. The axial electric field, plotted in Figure 6.7 also
shows that most of the axial acceleration occurs between these two locations, and shows the
maximum axial field strength is significantly less than that of the 650 W upstream condition,
since the potential drop is spread out over a larger axial distance.

Figure 6.8 shows that overall the radial electric field is greater in magnitude than
in the 650 W upstream condition. Also, near the exit plane, the magnitude of the radial
component is comparable to the axial component, with a value of approximately 1 to 1.5x10%
V/m. Near the corners, the radial electric field is roughly an order of magnitude higher than
the axial electric field. This stronger radial electric field component suggests that more ions
will be accelerated out to high angles in this run than in the 650 W upstream run.

Figure 6.8 shows a broad peak in electron temperature that extends from about z =
0.029 to z = 0.035 m, with a value of 30 eV, which is less than the maximum of 35 eV seen
in the upstream run. The peak in ion density is farther downstream than in the previous

run, occurring at about z = 0.0175 m, with a maximum value of 11.5x10'7 m—3. As in the
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upstream run, the density is not symmetric about the channel center outside the exit plane.
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Figure 6.10: Averaged ion density distribution for the simulated 650 W downstream run.
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6.2.2 200 W Results

Figures 6.11 to 6.15 show the time-averaged quantities for the 200 W upstream run. Fig-
ure 6.11 shows that most of the potential drop occurs between z = 0.020 and z = 0.040 m.
Figure 6.12 shows that the axial electric field has a peak of about 1.75x10% V/m between z
= 0.0225 and 0.025 m, with a tail extending out to 0.040 m. This suggests, as in the 650

W upstream, that most of the axial acceleration is occurring upstream of the exit plane.

Looking at Figure 6.13, as in the 650 W upstream run, the region of high radial
electric field is confined to within several centimeters of the corner. Away from the corner,
its magnitude is less than 1x10* V/m, compared to the maximum value of the axial electric
field of about 1.75x10%* V/m. This electric field configuration suggests that more ions may
be accelerated out to mid-range angles (40 to 60°) than in the 650 W upstream run, but
that ions still must pass within several millimeters of the corner to be accelerated out to

higher angles.

Figure 6.14 shows that the peak in electron temperature occurs at about 0.0225 m,
with a maximum value of 23 eV, which is lower than the value in both of the 650 W runs, as
is to be expected due to the lower power level. Figure 6.15 shows that the ion density peak
is considerably farther back in the channel than in either of the 650 W runs, and is centered
approximately at z = 0.0100. A “tail” on this peak extends out towards the exit plane, so
that even at z = 0.0290 m, there is still a significant density of ions, and downstream of the
exit plane. The distribution is again asymmetric about the channel centerline outside of the

exit plane.

Figure 6.16 to 6.20 show the time-averaged quantities for the 200 W downstream
run. As shown in Figure 6.16, most of the potential drop occurs from z = 0.0200 to z =
0.050 mm, resulting in an axial electric field component that is weaker than in the 200 W

upstream run (a maximum of 1x10% versus 1.75x10* V/m), as shown in Figure 6.17.

Figure 6.18 shows that the radial electric field is comparable in magnitude to that
of the 200 W upstream run, with a maximum of roughly 6x10* V/m near the corners of
the channel. As in the upstream run, near the exit plane (away from the corners) the
radial electric field is about as strong as the axial electric field, with a magnitude of about
0.5x10%* V/m. Although the radial electric field profile looks similar in both the upstream

and downstream 200 W runs, the weaker axial electric field in the downstream run suggests
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acceleration of ions out to higher angles off of the thruster centerline.

Figure 6.19 shows a broad peak in electron temperature that extends from z =
0.0225 to z = 0.0275 m, with a maximum value of 17.5 eV, which is considerably lower
than in the upstream run. Again, the ion density peak is farther upstream than in either of
the 650 W runs, and is centered at about z = 0.0125 m with a magnitude of 3x10'7 m~3,
as seen in Figure 6.20. There is also a large tail on the ion density peak that extends beyond
the exit plane.

Overall, the plots in this section suggest that for the two downstream runs, the
radial component of the electric field is greater in magnitude than in the upstream runs.
Also, the ion density near the exit plane is greater in the downstream runs, meaning that
more ions are created where the radial electric field is high. This suggests that there should
be more high velocity, high angle ions in the downstream runs than in the upstream runs.
Additionally, the ion density plot in all runs is asymmetric about the channel centerline (r
= 0.0275 m) downstream of the exit plane. This asymmetry in the ion density suggests
that more ions are accelerated inwards than outward. The reason for this asymmetry will be
discussed in Section 6.2.3. Whether the data from these simulated runs match those seen

in the experiment will be discussed in the Chapter 8.
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Figure 6.11: Averaged plasma potential distribution for the simulated 200 W upstream run.
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Figure 6.12: Averaged axial electric field distribution for the simulated 200 W upstream run.
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Figure 6.13: Averaged radial electric field distribution for the simulated 200 W upstream
run.
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Figure 6.14: Averaged electron temperature distribution for the simulated 200 W upstream

run.
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Figure 6.15: Averaged ion density distribution for the simulated 200 W upstream run.
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Figure 6.16: Averaged plasma potential distribution for the simulated 200 W downstream
run.
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Figure 6.17: Averaged axial electric field distribution for the simulated 200 W downstream
run.
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Figure 6.18: Averaged radial electric field distribution for the simulated 200 W downstream
run.
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Figure 6.19: Averaged electron temperature distribution for the simulated 200 W down-
stream run.
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Figure 6.20: Averaged ion density distribution for the simulated 200 W downstream run.
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6.2.3 Asymmetry of lon Density Plots

The ion density plots show that for all runs, the ion density is not symmetric about the
channel centerline downstream of the exit plane. By plotting the potential as a function of
radial location, at different axial locations, one can determine whether there is asymmetry
in the potential that causes a greater number of ions to be accelerated inwards. This is
what has been done in Figures 6.21 to 6.24 for the 4 different runs.

In the 650 W upstream run, Figure 6.21 shows that there is slight asymmetry in
the plasma potential at z = 0.020 m, with the potential increasing slightly as the radial
location is increased. At z = 0.025 m, the potential is even more asymmetric, increasing
about 20 V from one side of the channel to the other. At the exit plane, the potential is
fairly symmetric, and as the axial location is increased, it remains symmetric. Figure 6.21
thus suggests that in this run, the asymmetry in the ion density arises from ions that are
being accelerated upstream of the exit plane, between z = 0.020 and z = 0.029 m.

In the 650 W downstream run (Figure 6.22), the potential appears to be fairly
symmetric upstream of the exit plane, but as the axial position is increased, the potential
becomes less symmetric. At z = 0.035 m, for instance, the peak in the potential is shifted
by about a millimeter, and if one compares the potential at r = 0.020 to r = 0.035 m,
one sees a difference of about 25 V (75V versus 100V). This is similar to the degree of
asymmetry seen in the 650 W upstream data. Therefore, in the 650 W downstream run,
the asymmetry in the ion density appears to arise downstream of the exit plane, between z
= 0.030 and 0.040 m.

The 200 W runs show similar trends as the 650 W runs, i.e., in the 200 W upstream
run the asymmetry in the potential occurs between z = 0.020 and 0.029 m, while in the
downstream run it occurs between z = 0.030 and 0.040 m. In all runs, the asymmetric
potential (r = 0.0275 m) leads to ions being accelerated towards the thruster centerline.
In Section 6.2.3, this inward radial motion was proposed as a mechanism for the formation
of the central jet. This mechanism for central jet formation will be further discussed in

Chapter 8.
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Figure 6.21: Plasma potential from HPHall at different axial locations for the 650 W up-
stream run.
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Figure 6.22: Plasma potential from HPHall at different axial locations for the 650 W down-
stream run.
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Figure 6.23: Plasma potential from HPHall at different axial locations for the 200 W up-
stream run.
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Figure 6.24: Plasma potential from HPHall at different axial locations for the 200 W down-
stream run.

6.2.4 Comparison of averaged data to existing studies

In terms of comparisons to previous research, it makes sense to look at two different studies:
(1) Fife's initial HPHall model, which does not include the more recent updates to the code
but is a reference for running a SPT-70 model in HPHall [14], and (2) the JPL model of a 6
kW laboratory Hall thruster, which uses the same version of the code used in this study on
a different thruster [35]. Fife's thesis includes data for two runs, one in which the cathode
was set at 0.03 m downstream of the exit plane, and one in which the cathode was 0.005 m
downstream of the exit plane. The JPL study attempted to match the code to experimental
data for a 6kW Hall thruster, and found that the best agreement occurred using a 3 region
mobility model with anisotropic electrons. Fife's results and the JPL results are summarized
in Table 6.2, while the results from Section 6.2 are presented in Table 6.3. Note that the
axial (z) locations have been normalized by the thruster channel length in order to compare
the 6kW and SPT-70 data sets. Also, all of the ¢, T., and n. refer to values on the channel
centerline. Additionally, note that ¢; and ¢o were arbitrarily selected values of ¢ that are
shown so that the length of the acceleration region could be gauged, i.e., the quantity zo — 21

is a quanitity that can be used to judge the length of this region.

The most notable discrepancy between the results in Table 6.2 and Table 6.3 is
the maximum electron temperature. In Fife's case, it was from between about 20 and 23
eV, in the JPL “best-match” case it was 25 eV, and in the current study it ranged from

30 to 35 eV for the 650 W run, and 17.5 to 23 eV for the 200 W run. However, it was
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Table 6.2: Averaged data from previous HPHall studies.

Parameter Fife CASE Fife CASE | JPL "Best
1 2 Match”
m [mg/s] 2.34 2.34 20.98
Vp V] 300 300 300
4 [A] 1.98 2.47 20
orVIat | e 0t07 | 280at07 | 280at07
Zl/L
o2 M2t | 00014 | 100811 | 100t 1.0
ZQ/L
Te,ma:p [eV]
at 23 at 1.30 20 at 1.00 25 at 0.95
ZTe,max/L
Ne max
[m=3] at 7el7 at 0.6 | 9el7 at 0.5 N/A
ch,maz/L

Table 6.3: Averaged data from current HPHall study.

650 W 650 W 200 W 200 W
Parameter down- down-
upstream upstream
stream stream
m [mg/s] 1.7 1.7 0.8 0.8
Vp [V] 300 300 250 250
Ii A 2.2 2.2 0.8 0.8
2 [V] at 280 at 0.7 280 at 0.7 250 at 0.7 250 at 0.7
Zl/L
¢2 [V] at 100 at 1.0 100 at 1.3 100 at 1.0 100 at 1.2
ZQ/L
Te,maa: [eV]
at 35at085 | 30at1.1 | 23 at0.80 lgg;t
ZTe,maw/L '
[nfe_”;}]“z . 12¢17 at | 11.5el7 at | 3.6el7 at | 3.0el7 at
0.5 0.6 0.3 0.4

/L

Zne,maa:
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found in the JPL study that the code underpredicted the experimentally measured electron
temperature by about 10 eV, while in Fife's study one of the cases overpredicted SPT-70
measured values by about 10 eV. This suggests that it is difficult to assess the accuracy
of the electron temperature predicted by HPHall. Therefore, a discrepancy of about 10eV

between the current study and the previous studies is not necessarily cause for alarm.

6.3 Faraday Probe and ExB Plots from HPHall

As described in Section 3.3.3, Faraday probe and ExB traces were built up from the HPHall
data by projecting the paths of the simulated ions out to planes parallel to the thruster
exit plane, at different axial distances. There are two important aspects of these simulated
traces worth noting. First, to obtain an estimate of ion current density, the ion current into
a certain radial “bin” with bounds r; and ro had to be divided by the area of that bin, i.e.,
7 (r3 — ). This means that the simulated ion current density near the centerline of the
thruster is very large simply due to the fact that the area corresponding to those bins is very
small. Second, because the simulated Faraday probe and ExB traces represent projections

of the particle data from the edge of the HPHall domain, features that cause the spreading

of the beam (e.g., collisions) are not present.

6.3.1 Faraday Probe Results

Figure 6.25 to 6.26 show the simulated Faraday probe traces at three axial locations (50, 100,
150 mm) for the four different runs. In all four runs, at all three distances, the contributions
of the two sides of the channel have merged, and there is simply a single peak in the center.
The width of this peak is about the same for all runs/distances, and is zero at transverse
locations beyond +/- 50 mm. The height of this peak changes depending on the condition
and axial distance, as does the shape of the “shoulders” extending out to the sides.

Figure 6.25 shows that for the 650 W upstream run, the peak has a magnitude of
roughly 2000 A/m? at 50 mm, increasing to about 3000 A/m? at 100 mm, and staying
relatively constant from 100 to 150 mm. In the 650 W downstream run, rather than
increasing with axial distance, the peak height decreases from about 3000 A/m? at 50 mm,
to 2500 A/m? at 100 mm, to a little under 2000 A/m? at 150 mm. So the maximum ion

current density of about 3000 A/m? occurs at a shorter axial distance in the downstream
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run.

The 200 W runs also show a similar trend (Figure 6.26). In the 200 W upstream
run, the height of the peak increases from about 700 A/m? at 50 mm, to 950 A/m? at 100
mm, and then decreases slightly to 850 A/m2 at 150 mm. In the 200 W downstream run,
the peak height decreases from about 1000 A/m? at 50 mm to 800 A/m? at 100 mm, and
then to 600 A/m? at 150 mm. As in the 650 W runs, the maximum ion current density
occurs at a shorter axial distance in the downstream run.

Just by examining the data in Figures 6.25 to 6.26, it isn't possible to see the
transition from ring to jet, since all of the plots simply show a sharp peak at the center of
the distribution. However, if the Faraday probe data at 25 mm is also plotted, one can see
this transition in some of the runs. Figure 6.27 shows a comparison between the Faraday
probe traces at 25 mm for the four different runs. The top plot shows the 650 W runs, while
the bottom plots show the 200 W runs. It is clear from these plots that for both upstream
runs, the central peak is much shorter, and there are short secondary peaks corresponding to
the two sides of the channel. This suggests that the transition from ring to jet is definitely

occurring at a farther axial distance in the downstream runs than in the upstream runs.
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Figure 6.25: Faraday probe traces created from HPHall data, 650 W upstream and down-
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6.3.2 ExB Probe Results

Figures 6.28 to 6.31 show the simulated ExB data for the 650 W runs, at the three axial
distances of 50, 100, and 150 mm. Each of the plots represents ions at a different angle, and
the plots have been constructed so that they can be directly compared to the experimental
scans (see Chapter 5). Figure 6.28 shows that at 50 mm, in the upstream run the current
density is largest at 10 to 20° (the maxima of these two traces are both about 25 A/m?). In
the downstream run, the largest ion current density is due to ions traveling at 20° relative
to the centerline, and the total ion current density at 20° is much larger in the downstream

case than in the upstream run.

At angles of 20° and above, the current density in the downstream run is much
larger than in the upstream run, whereas at 0° the current density in the upstream run is
significantly greater. At 10° the two runs show approximately equal values. This shows that
the ion beam is significantly less collimated in the downstream case than in the upstream
case. It is also worth noting that, for both the upstream and downstream runs, as the angle
is increased above zero degrees, the peak corresponding to inward moving ions (the right
peak) is considerably larger than that corresponding to the outward moving ions (the left
peak). This is seen at angles from 10 to 20° in the upstream run and 10 to 60° in the

downstream run.

As discussed earlier, one of the reasons for the large peaks in the ion current density
near the thruster centerline is because the simulated ion current must be divided by the area,
which is smaller near the centerline. Looking at the ion current data itself in Figure D.1, one
can see that for angles from 10 to 20° the contribution due to inward moving ions is larger
in both runs. At 30° the contribution from outward moving ions is larger in the upstream
run, although inward ions still dominate the 30° traces in the downstream run. This shows
that, from 10 to 20° in the upstream run, and 10 to 30° in the downstream run, inward

moving ions account for a significantly larger amount of the ion current.

Since the ion current is largest from 0 to 30° in both runs, and falls off significantly as
the angle is increased beyond 30°, this shows clearly that inward moving ions are responsible
for a much greater proportion of the total ion current in both the 650 W upstream and
downstream runs. Similar trends are seen at the other distances (100 and 150 mm), and

in the 200 W runs. This is strong evidence that within the ion beam, there is a greater
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number of inward moving versus outward moving ions, and that the greater ion current
density seen in both the experimental and simulated data is not merely due to geometry
(i.e., ions moving into a smaller area).

Rather than present both the ion current density data and the ion current data for
all of the runs in this chapter (which would result in a very large number of graphs), the ion
current data for the rest of the runs has been put in Appendix D for reference. lon current
density data is used as the standard in this chapter because it can be directly compared to
the experimental data in Chapter 5, while the ion current data cannot.

At 100 mm (Figure 6.30), the largest current density contribution is made by ions
traveling at 10° in both the 650 W upstream and downstream run. At this distance, for
both runs, the inward moving ions make a larger contribution to the current density at 10
to 30°. As the angle is further increased, the inward and outward moving ion contributions
are about the same in the upstream run, while the inward moving ion peak is larger at 40
and 50° in the downstream run.

At 150 mm (Figure 6.31), the largest current density contribution is made by ions
traveling at 10° in both 650 W runs. At this distance, for both runs, the inward moving
ions make a larger contribution to the current density at 10 to 30°. As the angle is further
increased, the inward and outward moving ion contributions are about the same in the

upstream run, while the inward moving ion peak is larger at 40° in the downstream run.
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Figure 6.28: ExB probe traces created from HPHall data at 50 mm, 650 W upstream and
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Figure 6.29: ExB probe traces created from HPHall data at 50 mm, 650 W upstream and
downstream runs. lon current, not ion current density (i.e., not divided by area).
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Figure 6.30: ExB probe traces created from HPHall data at 100 mm, 650 W upstream and
downstream runs.
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Figure 6.31: ExB probe traces created from HPHall data at 150 mm, 650 W upstream and
downstream runs.
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Figures 6.32 to 6.34 show the simulated ExB data for the 200 W upstream and
downstream runs, at the three axial distances. In the 200 W upstream run, the total ion
density is roughly constant from 0 to 20° (if you add up the two peaks, the total is roughly
10 A/m?). In the 200 W downstream run, the maximum in total ion density is at 20°.
Additionally, it can be seen in both runs that from 10 to 30° the contribution to the current
density due to the inward moving ions is greater than the outward moving ions. In the
downstream case, the peak corresponding to the inward moving ions also is larger in the
40° trace.

One also sees that, as in the 650 W runs, at 0°, the current density in the 200 W
downstream run is about half of the 200 W upstream run. At 10° they are about even, but
at angles higher than 20° the current density is about an order of magnitude higher in the
downstream run. This suggests a less-collimated beam for the downstream run. At 100 mm
away from the thruster exit plane (Figure 6.33) one can see that in both runs, the maximum
current density is seen at 10°, and that the inward moving ions make a greater contribution

at angles from 10 to 30°. At 150 mm (Figure 6.34), the same trends are seen.
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x 107 Axial Distance = 50 mm, 200 W
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Figure 6.32: ExB probe traces created from HPHall data at 50 mm, 200 W upstream and
downstream run.
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x 107 Axial Distance = 100 mm, 200 W
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Figure 6.33: ExB probe traces created from HPHall data at 100 mm, 200 W runs.
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x 107 Axial Distance = 150 mm, 200 W
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Figure 6.34: ExB probe traces created from HPHall data at 150 mm, 200 W upstream and
downstream runs.
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To summarize the results, for all runs, at 50 mm, the maximum ion current density
was seen at 10 to 20°. At 100 mm and 150 mm, the maxima were seen at 10°. The
relative contributions of inward versus outward moving ions varied on a case to case basis,
as described above. However, for all runs the peak corresponding to the inward moving ions
was larger than that of the outward ions for angles from 10 to 30°. Also, in all runs except
the 650 W upstream run, the outward moving ions made a greater contribution at 60°. This
suggests that the simulated run produces a central jet which is made up primarily of inward
moving ions.

When the upstream runs were compared to the downstream runs, the data showed
that the beam was more collimated in the upstream runs. This is in line with the data
shown in Section 6.2, since the averaged electric field plots suggest that more radial accel-
eration occurs in the downstream runs, which would lead to a more divergent beam in the

downstream runs.

6.4 RPA Results from HPHall

In a similar fashion to the way the ExB plots were constructed, RPA plots were also made
using the particle tracking data from HPHall. These plots have been normalized by the total

ion current at each angle, for comparison with the experimental data.

6.4.1 650 W results

Figure 6.35 shows the simulated RPA trace for the 650 W upstream and downstream runs,
for angles from 0 to 40° off the thruster centerline. As can be seen from this figure,
from 0 to 30°, there is a peak centered at roughly 270 eV/q in the 650 W upstream run,
corresponding to the acceleration potential of the thruster (which was set at 300 V). In the
650 W downstream run, there is still a high energy peak, but its energy decreases as the
angle is increased. Additionally, as the angle is increased in both runs, the high energy peak
gets shorter and broader, and a greater proportion of ions are found at lower energies. At
40°, the 650 W upstream run shows a broad peak centered at roughly 70 eV/q, while in
the 650 W downstream run, there is no low energy peak, and the high energy peak is still
present.

Looking at Figure 6.36, one sees that as the angle is increased further in the 650
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W upstream run, from 45 to 65°, the primary energy ion population is very small, and the
distribution is dominated by a low energy peak centered at roughly 50 eV/q. This feature
is sharpest at 50° off the channel centerline. Further increasing the angle from 70 to 80°
(Figure 6.37) in the upstream run, continues to show a low energy peak, with negligible
proportion of ions with energies above 150 eV/q. Charge exchange collisions could explain
the presence of ions with low energies; however, as mentioned in Section 3.1.2, in the version
of HPHall used here CEX collisions were not enabled. Therefore, the low energy peak seen
at high angles is merely due to the acceleration of ions through the electric field.

The analysis of the potential and electric field plots in Section 6.2 suggested that
there should be more ions with higher angle trajectories in the 650 W downstream run. This
is indeed true, and can be seen in Figures 6.35 to 6.37. At angles from 45 to 55° off the
thruster centerline, as shown in Figure 6.36, there is a broad population of ions centered
roughly at the primary beam energy. The traces corresponding to angles greater that 55°
show a broad structure extending from roughly 150 eV/q to 300 eV/q, rather than showing

a sharper peak centered at about 50 eV/q, as was seen in the upstream run.
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6.4.2 200 W results

Figures 6.38 to 6.40 show the simulated RPA traces for the 200 W run. The 200 W
upstream traces follow similar trends to the 650 W upstream run, i.e., a primary ion peak
that decreases in magnitude with increasing angle, which is no longer seen at angles above
40°, and a low energy peak that begins to form at 40° and dominates the distribution for
angles above 40°. In this run, the low energy peak is shorter and broader than in the 650
W run, although it is still centered at roughly 50 eV/q.

In the 200 W downstream run, one can see primary beam ions out at higher angles.
For example, there is still a substantial proportion of these ions at 50°. As the angle is
increased above 55°, there is no clear peak in the data; instead, there is a broad population
of ions with energies from 0 to about 250 eV/q. At 60° there is a peak within the data
at approximately 130 eV/q, which corresponds roughly to the potential at z = 0.030 (as
shown in Figure 6.16), so these ions could be the result of ions that are created just outside
the exit plane of the thruster.

To summarize the simulated RPA results, in both of the upstream runs, primary
energy, high angle ions are not seen at high angles off of the thruster centerline. In the
downstream runs, ions with the primary energy are seen at high angles (up to 80°), but
as part of a broad distribution of ions with various energies, rather than being seen as a

separate, narrow peak in the data centered at the primary beam energy.
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Figure 6.39: RPA traces created from HPHall data, 200 W upstream and downstream runs,
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Figure 6.40: RPA traces created from HPHall data, 200 W upstream and downstream runs,
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Table 6.4: Maximum error in the simulated Faraday probe data.
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650 W 650 W 200 W 200 W
Distance [mm] upstream downstream upstream downstream
[A/m?) [A/m?) [A/m?) [A/m?]
50 11.46 40.67 16.50 12.92
100 47.60 18.37 6.595 10.39
150 28.56 15.24 7.326 9.229

6.5 Repeatability of the Simulated Results

When discussing uncertainties in the simulated data, there are two different questions that
one should ask. First, how well does the simulated data predict the actual results, i.e., how
accurate is it? The accuracy of the simulation depends on the approach used, for example
the assumptions, simplifications, numerical methods, etc. that go into the calculations.
These topics have been discussed in depth in Chapters 3 and 4, and will be discussed further
in Chapter 8. The second question is how repeatable is the data from one run to the next,
i.e., how precise is the simulation? This section will discuss the question of repeatability in
the simulated Faraday probe, ExB, and RPA traces.

To gauge the repeatability of the data, three different runs of 10,000 time steps
each were conducted for each of the four HPHall conditions (650 W upstream, 650 W
downstream, 200 W upstream, and 200 W downstream). For each condition, Faraday
probe, ExB, and RPA traces were calculated for each of these three runs, and the average of
each trace was calculated (this was done for each of the different angles and distances shown
in the plots in Sections 6.3 and 6.4.) Then, the maximum deviation from the mean was
calculated for all of the traces. The maximum deviation, rather than the standard deviation,
was used because of the small sample size (n = 3 runs), and the small sample size was due
to time constraints. The maximum deviation for each of the traces in Sections 6.3 and 6.4
are shown in Tables 6.4 to 6.6.

Figure 6.41 is an example of the bound on the simulated data, found by adding and
subtracting the maximum deviation from the mean. For all of the Faraday probe and ExB
traces, the deviation was small enough relative to the mean of the traces that the bounds
are not discernable from the trace itself. However, in the case of the RPA data, for angles
greater than about 70°, the maximum deviation is roughly as large as the mean value of the

trace.
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Table 6.5: Maximum error in the simulated ExB data.

. 650 W 650 W 200 W 200 W
Distance Angle
[mm] ] upstre:;m downstrgam upstrean downstrgam
[A/m?] [A/m?] [A/m?] [A/m?]
50 0 0.38 0.31 0.20 0.043
50 10 0.20 0.57 0.13 0.15
50 20 1.43 7.38 1.15 2.13
50 30 0.081 0.26 0.015 0.047
50 40 0.010 0.038 0.0013 0.0057
50 50 0.0023 0.015 0.0008 0.0022
50 60 0.0009 0.0045 0.0003 0.0006
100 0 0.34 0.24 0.18 0.049
100 10 1.45 1.70 0.43 0.41
100 20 0.16 0.29 0.076 0.084
100 30 0.023 0.075 0.0058 0.012
100 40 0.0033 0.015 0.0008 0.0041
100 50 0.0010 0.0055 0.0004 0.0012
100 60 0.0005 0.0025 0.0002 0.0004
150 0 0.28 0.15 0.16 0.041
150 10 2.02 4.67 0.45 0.39
150 20 0.065 0.17 0.037 0.038
150 30 0.014 0.031 0.0031 0.0071
150 40 0.0025 0.0059 0.0007 0.0020
150 50 0.0009 0.0032 0.0002 0.0001
150 60 0.0002 0.0017 0.0001 0.0001
Table 6.6: Maximum error in the simulated RPA data.
Angle 650 W 650 W 200 W 200 W
[°] upstream downstream upstream downstream
0 0.0005 0.0009 0.0007 0.0007
10 0.0007 0.0008 0.0007 0.0007
20 0.0009 0.0008 0.0008 0.0011
30 0.0009 0.0010 0.0009 0.0010
40 0.0012 0.0013 0.0011 0.0013
45 0.0009 0.0013 0.0013 0.0014
50 0.0011 0.0017 0.0025 0.0014
55 0.0015 0.0022 0.0021 0.0016
60 0.0019 0.0016 0.0029 0.0021
65 0.0018 0.0027 0.0036 0.0028
70 0.0030 0.0033 0.0070 0.0046
75 0.0070 0.0043 0.0068 0.0098
80 0.0089 0.0075 0.0167 0.0214




159
6.6 Effect of Oscillations

As discussed in Section 3.3.4, oscillations were tracked in HPHall to help determine their
impact on ion trajectories. To assess the magnitude of the oscillation effects, the value of
several plasma parameters, including potential, electron temperature, and ion density were
recorded as a function of time. Figure 6.42 shows the values of these three parameters over
10,000 time steps (5x10™* s of simulation time) at the point z = 0.0290 m, r = 0.0275 m
in the simulation domain (i.e., the center of the channel at the exit plane), for the 650 W
upstream HPHall run. lon current was also recorded and is plotted in this figure as well.
The black curve in the plots represents the data taken directly from HPHall, while the red

curve is the average over ten data points.

As can be seen in Figure 6.42, the ion current has a fairly regular oscillation that
occurs with a period of approximately 4x10~% s. The amplitude of the oscillation is approx-
imately 0.4 A. The ion density seems to follow the ion current fairly well, with the same
oscillation period, albeit with a bit more noise. The amplitude of the ion density oscillation
is about 7.5x'% m™3, with a mean density of 3x10'” m™3. The potential and the electron

temperature do not seem to follow the current oscillation.

To make sure that the potential and temperature indeed do not follow the current
oscillation, the parameters in Figure 6.42 were plotted on a shorter time scale, which is
shown in Figure 6.43. From these plots, it appears that the potential data does in fact
contain a oscillation with approximately the same period as the current oscillation, although
the peaks and troughs of the two do not line up. This suggests that the potential either
leads or lags the current. From Figure 6.43, it is difficult to tell the relationship between the
electron temperature oscillation and the other parameters, due to the amount of variation in
the signal. For reference, the amplitude of the potential oscillations is about 15 V, centered
at a mean of 95 V, while the amplitude of the electron temperature oscillations is about 1

eV, centered at a mean of 11.5 eV.

In addition to plotting the parameters as a function of time, the Fourier transform of
the data were also taken, and the normalized magnitude versus frequency can be found in
Figure 6.44. For the ion current, the graph has a maximum at about 25 kHz, and oscillations
at frequencies above 100 kHz are negligible. The potential has a maximum at about 30

kHz, but also has a significant amount of content at frequencies from 100 to 500 kHz, in
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contrast to the ion current. The electron temperature possibly has a maximum at around
20 kHz, although this is difficult to determine. As suggested by the time-dependent plots,
the ion density has a frequency spectrum that is very similar to the ion current.

The corresponding plots for the other HPHall runs (650 W downstream, 200 W
upstream, 200 W upstream) are shown in Appendix C. Rather than discuss each of these
plots individually as was done for the 650 W upstream run, Table 6.7 summarizes these
results, providing information on the oscillation amplitude, mean, and local maxima in the
frequency spectra for the different runs. One observation from Table 6.7 worth mentioning
is that while all of the potential frequency spectra show evidence of content above 100 kHz,
the only one to have a clear local maximum above 100 kHz is the 650 W downstream run.
This run has a peak at about 110 kHz. This appears to be the “transit time" oscillation
described by Fife and others [14, 37].

Overall, the data clearly show evidence of a “breathing mode” oscillation in the ion
current and density data, with a frequency of 10 to 25 kHz, depending on the conditions.
The 200 W runs have breathing mode oscillation frequencies that are smaller than the
650 W runs. In all of the runs, the potential oscillations also show a peak in frequency
corresponding to the breathing mode, although there is significant frequency content above
100 kHz which is not present in the ion current/density data.

In terms of the effect on ion trajectories, what it important is the ion density (de-
termines number of ions) and the potential (determines energies). Looking at the potential
variations, in the 650 W upstream and 200 W upstream runs, the potential varies by 15
V about a mean of 95 V at the thruster exit plane. This suggests that energies of ions
created at the exit plane could vary by as much as 30 eV/q, as ions created at a peak in the
potential oscillation would start off with 110 V, while those created at a trough would start
off with 80 V. Additionally, since the data show that the peaks and troughs in the potential
oscillation do not line up with those of the ion density oscillation, there should not be a
substantially larger number of 110 eV/q ions versus 80 eV/q ions produced.

What one would expect to see, as a consequence of these observations, is that there
would be a spread of roughly 30 eV/q in the energy spectra data for the 200 and 650 W
upstream runs. In the 650 W downstream run, this spread in energy due to oscillations would
be about 24 eV/q, while in the 200 W downstream run it would be about 14 eV/q. What

is definitely not suggested by the oscillation data is that ions with potentials corresponding



Table 6.7: Summary of oscillation data from HPHall.
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Parameter 650 W 650 W 200 W 200 W
upstream downstream upstream downstream
I4 mean [A] 2.2 22 0.8 0.8
Iy
amplitude 0.4 0.3 0.2 0.25
[Al
14 freq.
peaks [kHz] 24 20 10 10
”Emm_if’]‘” 3.0e17 4.0e17 1.2¢17 1.3e17
n;
amplitude 7.5e16 1.0el7 3.5el6 3.0el6
[m—?]
n; freq.
peaks [kHz] 30 20 10 10
¢; mean [V] 95 215 95 163
bi
amplitude 15 12 15 7
Y
¢; freq.
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to the primary beam energy could be produced solely by oscillation effects, so high angle,
high energy ions are unlikely to be created by this mechanism. However, oscillations in the

potential could explain the spread in velocities peak in the data, if one exists.
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Figure 6.42: Oscillation tracking in HPHall for the 650 W upstream run.
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Figure 6.43: Oscillation tracking in HPHall, on a shorter time scale, for the 650 W upstream
run.
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Figure 6.44: Frequency spectrum for the 650 W upstream run.
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Chapter 7

Corner Sheath Model Results and
Discussion

This chapter details the results from applying the corner sheath model to the outputs from
the four different HPHall runs. As was discussed in Section 4.1, values from HPHall were
required to define the boundary conditions for the sheath model. For each run, the sheath
thickness and potential profile were determined using the model and plotted as a function
of radial and axial location. Simulated ion trajectories were then calculated by introducing
test particles with different initial velocities at the sheath boundary, and then tracking their
paths as they moved through the sheath. Overall, the results showed that the sheath could
change an ion's trajectory by roughly 10 to 20°. Although this represents a significant
change in angle, it is not enough to be the sole explanation for the high velocity, high angle

ion trajectories.

7.1 Boundary Conditions

The corner sheath model was applied to the four runs (650 W upstream, 650 W downstream,
200 W upstream, and 200 W downstream) that were run in HPHall. As discussed in
Section 4.1, the only outside input that is needed is the electron temperature at the sheath
boundary. By applying a secondary electron emission yield model, one can then calculate
I'sgg, and from that can solve for the potential and electric field at the wall, using the
Hobbs and Wesson approach (Eqn. 4.12 to 4.14). These conditions, along with the fact
that the non-dimensional potential, y, at the pre-sheath boundary is -1/2 relative to the

reference potential far from the wall, allow the sheath equations to be solved for the sheath
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thickness and potential profile. Figures 7.1 to 7.4 show the boundary conditions for the four

different HPHall cases, where I'sgr has been found using the power fit of Dunaevsky [43].

7.2 Potential Profile

Figures 7.5 to 7.8 show the potential profiles generated by the sheath model for the four
runs, as a function of non-dimensional axial (¢) and radial (p) locations. The sheath edge
in each run is marked in black. For the 650 W upstream run, the sheath contracts in size
as the distance from the exit plane is decreased, with its minimum thickness at roughly ¢ =
-65. As ( is further increased, the sheath expands. In contrast, in the 650 W downstream
run, the sheath does not expand and contract, rather it simply decreases in thickness as (
is increased. The 200 W upstream run follows a trend similar to the 650 W upstream run,
although the contraction in sheath thickness is not as large. The 200 W downstream follows
a trend similar to the 650 W downstream run.

The primary driving factor in the determination of the sheath thickness is the electron
temperature, since it determines the boundary conditions. In general, the higher the electron
temperature, the thinner the sheath will be. In both of the upstream cases, as shown in
Figures 7.5 and 7.7, the electron temperature peak is upstream of the exit plane, whereas in
the downstream cases the maximum temperature is found downstream (Figures 7.6 and 7.8).
This is why there is a local minimum in sheath thickness upstream of the exit plane in both

of the upstream cases.
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Figure 7.1: Boundary conditions for the corner sheath model, 650 W upstream run.
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Figure 7.2: Boundary conditions for the corner sheath model, 650 W downstream run.
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Figure 7.3: Boundary conditions for the corner sheath model, 200 W upstream run.
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Figure 7.4: Boundary conditions for the corner sheath model, 200 W downstream run.
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Figure 7.5: Plasma potential from the corner sheath model, 650 W upstream run.
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Figure 7.6: Plasma potential from the corner sheath model, 650 W downstream run.
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Figure 7.7: Plasma potential from the corner sheath model, 200 W upstream run.
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Figure 7.8: Plasma potential from the corner sheath model, 200 W downstream run.
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7.3 lon Trajectories Through the Sheath

As discussed in Section 4.1, after the potential field was calculated, its effect on particle
trajectories was determined. Figures 7.9 to 7.10 show the paths of ten ion trajectories for
the 650 W upstream run, for two different initial non-dimensional axial velocities, Uy = 2.5,
5.0, respectively. Note that the initial radial velocity is always Vj = -1, corresponding to
the ions entering the sheath with the Bohm velocity. Tables 7.1 to 7.2 summarize these
ion paths, with starting position, initial trajectory angle, final angle, and total change in
angle catalogued for each one. From the figures, one can see that not all ions pass by the
corner unimpeded; a large number of the pats collide with the wall. In Tables 7.1 to 7.2
the trajectories that impact the corner are shown in black text, while those that clear the
corner are shown in red. Additional plots and tables were created for Uy = 7.5 and 10.0;

these plots can be found in Appendix E.

From Tables 7.1 to 7.2, one sees that for the 650 W upstream run, the maximum
angle change for a particle that does not impact the wall is -22.6°. This change in angle
occurs for Uy = 2.5, (y = -5. At Uy = 5.0, the maximum angle change for an ion that clears
the corner is -20.1°. In the 650 W downstream run, (Figures 7.11 to 7.12 and Tables 7.3
to 7.4)) the maximum angle changes are -22.0 and -11.1° at Uy = 2.5 and 5.0, respectively.
In the 200 W upstream run (Figures 7.13 to 7.14 and Tables 7.5 to 7.6), the maximum
angle changes for the two starting axial velocities are -17.4 and -20.4°, while in the 200 W
downstream run (Figures 7.13 to 7.14 and Tables 7.7 to 7.8) they are -17.9 and -9.4°.

Several conclusions can be drawn from these results. First, the higher the initial
axial velocity, the farther upstream the ion can start without colliding with the wall. This
suggests that a greater number of ions will be turned to higher angles by the sheath if the
velocity is higher, since the "window" in which they can enter the sheath is larger. Second,
the results show that higher velocities generally result in smaller changes in angle, since the
particle spends less time being accelerated by the sheath. Therefore, there is a tradeoff
between the number of ions that are accelerated by the sheath and the total angle change
imparted to the ions.

Bounds on the initial axial position at which a particle can start and not impact the

wall, as well as bounds on the angle change, can be estimated from the data in Figures 7.9

to 7.16 and Tables 7.1 to 7.8. For an SPT-70 operating at either 650 W or 200 W (with
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a discharge voltage of 300 V or 250 V, respectively), the nominal velocity is between Uy
= 2.5 and Uy = 5.0. Looking across all four runs, for Uy = 2.5, the initial starting point
must be between { = -5 and -10 for the particle to clear the corner, with a maximum angle
change of about -20°. For Uy = 5.0, the initial starting point must be between ¢ = -10 and
-20, with a maximum angle change of between -10 and -20°.

Clearly, these maximum angle changes are not sufficient to explain the high velocity
ions seen at angles greater than 60° in the experiment. Nonetheless, an angle change of
10 to 20° is not insignificant, and may have an impact on the evolution of the thruster
plume. However, it should be noted that the "window” in axial location through which ions
must enter the sheath is small. For the SPT-70, which has a Debye length on the order
of 107* m near the exit plane, the ions must pass within about 1x1072 m (1 mm) of the
corner. This corresponds to a surface area on the order of 1x10~* m? (i.e., the cylindrical
surface extending 1x10™3 m upstream of the exit plane, with a radius of 0.020 to 0.035 m,
depending on whether one considers the inner or outer wall of the channel).

A quick estimation of the ion current density at the exit plane can be found by
dividing the total current by the exit area of the thruster. This gives a density of 850 A/m?
for the 650 W run, and a density of 310 A/m? for the 200 W run. Multiplying this by the
surface area of the “window,”

angles from 10 to 20°, is on the order of 1x10~! A in the 650 W run, and 1x10~2 A in the

the total current that can be accelerated by the sheath to

200 W run, which is about five percent of the current in the 650 W run, and one percent
of the current in the 200 W run.

Although this estimate suggests that the percentage of ions that are influenced by
the sheath is small, it should be kept in mind that the total percentage of ion current seen
at high angles is also small. This was seen in both the experiments and in the simulation.
Therefore, it is possible that the sheath acceleration could have an impact on the high angle
ion trajectories. However, since the change in angle would only be on the order of 10 to
20°, another mechanism must exist to provide the additional 40 to 50° needed to see ions

at 60 to 70°.
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Table 7.1: Trajectories through sheath, Uy = 2.5, 650 W upstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 4.2 -21.8 -46.1 -24.3
-45 45 -21.8 -47.9 -26.1
-40 4.8 -21.8 -49.1 -27.3
-35 49 -21.8 -49.6 -27.8
-30 5.0 -21.8 -50.0 -28.2
-25 5.0 -21.8 -50.2 -28.4
-20 5.1 -21.8 -50.3 -28.5
-15 5.1 -21.8 -50.5 -28.7
-10 5.1 -21.8 -50.6 -28.8
-5 5.2 -21.8 -44 4 -22.6
lon Trajectories, Uo =2.5, V0 =-1
: \\\\\
<
"
Q 2 N
0 1 1 1 1 J
-100 -80 -60 -40 -20 0
(= 2/7\D

Figure 7.9: Trajectories from the corner sheath model, Uy = 2.5, 650 W upstream run.
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Table 7.2: Trajectories through sheath, Uy = 5.0, 650 W upstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 4.2 -11.3 -28.8 -17.5
-45 4.5 -11.3 -29.9 -18.6
-40 4.8 -11.3 -30.4 -19.1
-35 49 -11.3 -30.7 -19.4
-30 5.0 -11.3 -31.1 -19.8
-25 5.0 -11.3 -31.1 -19.8
-20 51 -11.3 -31.3 -20.0
-15 5.1 -11.3 -31.4 -20.1
-10 5.1 -11.3 -22.2 -10.9
-5 5.2 -11.3 -14.8 -3.4

lon Trajectories, LJ0 =5, V0 =-1

-100 -80 -60 -40 -20 0
=z

Figure 7.10: Trajectories from the corner sheath model, Uy = 5.0, 650 W upstream run.
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Table 7.3: Trajectories through sheath, Uy = 2.5, 650 W downstream run.

Co Po to [°] 05 [°] A []
-50 4.7 -21.8 -48.3 -26.5
-45 4.6 -21.8 -47.8 -26.0
-40 4.5 -21.8 -47.3 -25.5
-35 4.4 -21.8 -46.7 -24.9
-30 4.4 -21.8 -46.2 -24.4
-25 4.3 -21.8 -45.7 -23.9
-20 4.2 -21.8 -45.2 -23.5
-15 4.2 -21.8 -44.9 -23.1
-10 41 -21.8 -44.9 -23.1
-5 4.1 -21.8 -43.8 -22.0
lon Trajectories, Uo = 2.5, VO =-1
o 41
<
1]
[oX 2 L

0
-100

-80

-60

=z

Figure 7.11: Trajectories from the corner sheath model, Uy = 2.5, 650 W downstream run.
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Table 7.4: Trajectories through sheath, Uy = 5.0, 650 W downstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 4.7 -11.3 -28.7 -17.4
-45 4.6 -11.3 -28.4 -17.1
-40 4.5 -11.3 -27.8 -16.5
-35 4.4 -11.3 -27.5 -16.2
-30 4.4 -11.3 -27.1 -15.8
-25 4.3 -11.3 -26.8 -15.5
-20 4.2 -11.3 -26.4 -15.1
-15 4.2 -11.3 -26.4 -15.1
-10 4.1 -11.3 -22.4 -11.1
-5 4.1 -11.3 -15.2 -3.9

lon Trajectories, LJ0 =5, V0 =-1
[a] 4r

<

1]

Q 2t

0
-100

-80
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Figure 7.12: Trajectories from the corner sheath model, Uy = 5.0, 650 W downstream run.
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Table 7.5: Trajectories through sheath, Uy = 2.5, 200 W upstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 4.7 -21.8 -48.7 -26.9
-45 4.8 -21.8 -48.9 -27.1
-40 49 -21.8 -49.4 -27.6
-35 49 -21.8 -49.7 -27.9
-30 5.0 -21.8 -50.0 -28.2
-25 51 -21.8 -50.4 -28.6
-20 51 -21.8 -50.6 -28.8
-15 5.2 -21.8 -50.8 -29.0
-10 5.2 -21.8 -51.0 -29.1
-5 5.3 -21.8 -39.2 -17.4

Figure 7.13: Trajectories from the corner sheath model, Uy = 2.5, 200 W upstream run.

lon Trajectories, L{) =2.5, VO =-1
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Table 7.6: Trajectories through sheath, Uy = 5.0, 200 W upstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 4.7 -11.3 -30.1 -18.8
-45 4.8 -11.3 -30.4 -19.0
-40 4.9 -11.3 -30.5 -19.2
-35 4.9 -11.3 -30.9 -19.6
-30 5.0 -11.3 -31.2 -19.9
-25 5.1 -11.3 -31.4 -20.0
-20 5.1 -11.3 -31.6 -20.3
-15 5.2 -11.3 -31.7 -20.4
-10 5.2 -11.3 -20.6 -9.3
-5 5.3 -11.3 -13.9 -2.6

lon Trajectories, U =5, V, = -1

60

"

Q

-80

=z

Figure 7.14: Trajectories from the corner sheath model, Uy = 5.0, 200 W upstream run.
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Table 7.7: Trajectories through sheath, Uy = 2.5, 200 W downstream run.

Co Po bo [] Or [°] Ad [°]
-50 5.15 -21.8 -50.6 -28.9
-45 5.10 -21.8 -50.4 -28.6
-40 5.08 -21.8 -50.4 -28.6
-35 5.08 -21.8 -50.3 -28.5
-30 5.08 -21.8 -50.3 -28.5
-25 5.08 -21.8 -50.3 -28.5
-20 5.08 -21.8 -50.3 -28.5
-15 5.09 -21.8 -50.4 -28.6
-10 5.11 -21.8 -51.5 -28.7
-5 5.12 -21.8 -39.7 -17.9

lon Trajectories, UO =2.5, Vo =-1

<
1
Q 2+
0 1 1 1 1 )
-100 -80 -60 -40 -20 0
=z

D

Figure 7.15: Trajectories from the corner sheath model, Uy = 2.5, 200 W downstream run.
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Table 7.8: Trajectories through sheath, Uy = 5.0, 200 W downstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 5.15 -11.3 -31.2 -19.9
-45 5.10 -11.3 -31.1 -19.8
-40 5.08 -11.3 -31.2 -19.9
-35 5.08 -11.3 -31.0 -19.7
-30 5.08 -11.3 -31.1 -19.8
-25 5.08 -11.3 -31.1 -19.8
-20 5.08 -11.3 -31.3 -20.0
-15 5.09 -11.3 -31.2 -19.9
-10 5.11 -11.3 -20.7 -9.4
-5 5.12 -11.3 -14.0 2.7
lon Trajectories, L[) =5, Vo =-1
e 3 ) ok A " L ke k 3
A \ O
60
"
Q 2+
0 1 1 1 I J
-100 -80 -60 -40 -20 0
¢(=zM

Figure 7.16: Trajectories from the corner sheath model, Uy = 5.0, 200 W downstream run.

D
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Chapter 8

Comparison of Experimental and
Simulated Results

As discussed in Chapters 3 and 4, the purpose of running the simulations was to gain insight
into the physical phenomena leading to the results seen in the experiments, in particular
the formation of the central ion jet and the generation of high energy, high angle ions. In
this section, the experimental and simulated data will be compared, an assessment of the
simulations’ ability to match the observations will be made, and conclusions regarding the

ion trajectory physics will be drawn.

Before discussing the data in-depth, a few general comments about data sets will
be made. As previously discussed, it is important to recall that for the simulated probe
traces, the simulated ion trajectories from HPHall are projected along straight line paths
from the exit plane to a given axial location. No physical interactions between particles,
such as charge exchange or elastic scattering collisions, are modeled. Additionally, plasma
effects are not included in the simulated probe data. For instance, a deficit of ion density
near the thruster center, as well as a buildup of ions along the thruster centerline (as is the

case during jet formation), could alter the potential profile.

The effects of not modeling the collisions and plasma effects are apparent, for
example, in the simulated Faraday and ExB probe results. In the simulated Faraday probe
data, there is a narrow peak in the center of the trace that has a transverse extent that
stays approximately constant as the axial distance is increased. However, in the experimental
data, the central peak is tall and narrow near the thruster, but becomes considerably shorter
and wider at larger axial distances. If one compares the experimental ion current density on

centerline for the 200 W experimental case to the simulated 200 W upstream case and the
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200 W downstream case, one finds fairly good agreement at an axial distance of 50 mm. At
50 mm, the values of ion current density for these three cases are 900, 700, and 1000 A/m?,
respectively. However, at 100 mm, the simulated cases both show a value of about 1000
A/m?, while the experimental value is about 250 A/m?2. The reason for this discrepancy is
that in the simulation, there is no mechanism that causes the ions to disperse.

Similarly, in the simulated ExB data, the peaks are very narrow, and match up
almost exactly with the channel projection. In contrast, the actual experimental peaks are
considerably wider, often with considerable current density due to ions that cannot have
traveled in straight line paths to the probe. Collisions, external fields, and other effects that
are not accounted for in the simulated probe traces could explain some of the spreading of
the current density peaks in the experimental results, since these effects could produce ions

with slightly different trajectory angles than they started with.

8.1 Formation of the Central Jet

In Chapter 5, Faraday probe data was presented that showed that the ion ring to jet transition
occurred at an axial distance between 15 to 30 mm in the 200 W case, and between 25 and
50 mm in the 650 W case. Looking at the simulated probe data presented in Figure 6.27,
one sees that in the 650 W upstream model, the beam has not yet fully transitioned from
ring to jet, while in the 650 W downstream model, it has. This suggests that the 650 W
upstream model does a more accurate job of representing the actual transition from ring to
jet, since in the experiment the transition occurred downstream of z = 25 mm. In contrast,
the 200 W downstream model, in which the beam has already converged on itself by 25
mm, seems to be a better match for the experimental data than the 200 W model.

As was discussed in Chapter 5, the experimental ExB data suggest that the transition
occurs between 75 and 150 mm at 200 W, and between 75 and 100 mm at 650 W. Also,
as was mentioned in Chapter 5, the discrepancy between the Faraday probe convergence
distance and the ExB probe convergence distance in the experiment is likely due to the
different angles of acceptance of the two devices. In the experimental data, when the beam
had converged on itself to form the central jet, a peak centered at r = 0 mm was present
in the 0° ExB traces. In the simulated ExB probe data, no such central peak is seen. For

example, in the 200 W upstream model at 100 mm, two distinct peaks are seen at 0°, while
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one does see a large peak on centerline in the 10° trace. This shows that while the central
jet seen in the experiment is made up primarily of axially moving ions (as was discussed in
Section 5.1), the simulated central jet is made up of ions moving at higher angles. This
difference will be discussed further in Section 8.2. One observation that can be made from
comparing the actual and simulated probe data is that while the experimental ExB data
clearly shows the region over which the beam transition is occurring, the location is not
readily apparent in the simulated ExB data.

In Section 6.2, it was suggested that a small degree of asymmetry in the plasma
potential could provide the radial acceleration necessary to facilitate the formation of the
central jet. Figures 6.21 to 6.24 showed that the asymmetry in the potential was either
upstream or downstream of the exit plane, depending on whether the case was an “up-
stream” or “downstream” case. Although it is difficult to tell about convergence from the
simulated ExB data, the simulated Faraday probe data show that the experimental distances
of convergence matched those of the 200 W downstream model and the 650 W upstream
model. This shows that as far as convergence is concerned, the asymmetry in the potential

profiles is sufficient to generate the same results as the experiment.

8.2 Angles of lon Trajectories within the Near Field Plume

The central jet is made up of ions with a range of trajectory angles. In both the 200 W and
650 W ExB measurements, the central jet has started to form by z = 100 mm. For the 200
W, 100 mm measurements, most of the ion current density near the thruster centerline (r
= 0 mm), is due to ions traveling at 0 to 10°. This is also true at 150 mm axial distance.
In the 200 W upstream simulation, most of the ion current density at 100 mm on centerline
is due to ions traveling at 10°, as is true at 150 mm. The 200 W downstream simulated
probe data shows the same results. So at 200 W, the results seem to match fairly well
(most of the centerline ions have trajectories between 0 and 10°), although the simulated
ExB results do not show any 0° ions on centerline. This is expected due to the fact that
the simulated results are simply straight line projections from the outer boundary of the
simulation domain.

At 650 W, 100 mm, most of the actual ion current density along the thruster

centerline is due to ions with trajectory angles from 0 to 10°, while at 150 mm, most of it is
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due to ions with purely axial trajectories. In the 650 W upstream model, most of the current
density at 100 mm is due to ions traveling at 10°, and the same is true at 150 mm. The 650
W downstream model also shows that ions near the centerline have 10° trajectory angles
at both 100 mm and 150 mm. The 650 W experimental results thus match the simulated
results fairly well, except the simulated results show no purely axial ions within the central
jet (as was true with the 200 W data).

It is not surprising that there are no 0° ions in the simulated central jet, namely that
if an ion reaches the thruster centerline, it must be traveling at an angle, yet there is nothing
in the simulation that can cause its radial velocity to decrease as it nears the centerline. So,
in the simulation, the ion will retain the same angle as it left the HPHall domain. However,
since the experiment shows that at both 200 W and 650 W there is a substantial ion current
density associated with 0° ions, there must be a mechanism for decreasing an ion’s trajectory
angle as it nears the centerline. The buildup of ions near the centerline could definitely be a
factor here, since as the ions move inward to form the jet, they form an area of relatively high
ion density. Since electrons from the cathode can also easily reach this area (the magnetic
field is low on the thruster centerline), this leads to a higher overall (quasi-neutral) plasma
density on the centerline. A higher plasma density, n; = n. = n, would lead to a higher
potential, according to the barometric law: ¢ = (kT./e)in(n). This high potential region
could then decrease an ion's radial velocity as it nears the centerline.

In addition to ions that end up near the thruster centerline and form the jet, there
are ions that form the more diffuse plume around the jet as well. One of the more intriguing
conclusions from the experimental ExB results was that at angles above 10°, more ion
current density was attributable to ions that had moved radially inward, crossing the thruster
centerline in the process, than was attributable to ions that had an outward component of
radial velocity. This was also seen in the simulated data for ions with trajectory angles
between 10 and 30°. Naturally, the central jet was thought to be due to ions moving with
an inward radial velocity component, but what was not necessarily expected was that most
of the ion current density far from the central jet would be also be due to inward moving
ions. Measurements taken by Fife on the SPT-70 [14] show that there is indeed an area of
higher potential that forms along the centerline of the thruster.

One might be tempted to say that the higher current density due to inward moving

ions is not due to the fact that there are more inward moving ions being produced, but
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rather that these ions are moving into a smaller area. However, as was pointed out in
Section 6.3, although the smaller area does have an effect, the ion current data produced
in the simulation, before dividing by the area, show that there is still a discrepancy between
the inward and outward moving ions. As discussed in Section 6.3.2, there are about twice as
many inward moving ions at 50 mm, 10°, for example. This suggests that geometry effects
(i.e., symmetric beam expansion) account for about 1/3 of the current in the Hall thruster
plume, and that design factors (i.e., internal magnetic field and potential profile) account
for the rest.

As previously discussed, analysis of the simulated probe data found that asymmetry
in the simulated plasma potential leads to asymmetry in the ion density, with more ions being
pushed towards the thruster centerline than away from it. This was seen in the averaged
HPHall data, for all simulated cases. What has not been discussed yet is the reason for the
asymmetry in the simulated plasma potential. As mentioned in Section 3.3.2, the plasma
potential contours should primarily follow the magnetic field lines, since the mobility of
electrons parallel to the field lines is high, while the mobility perpendicular to the field lines
is low. Looking at Figures 3.6 and 3.7, it is clear that the magnetic field lines in the SPT-70
hall thruster are not symmetric about the channel centerline. An asymmetric magnetic field
leads to a slightly asymmetric potential, which the simulation results shows is sufficient to
lead to the formation of the central jet, as well as a greater number of ions being accelerated
inward than outward. This suggests that the central jet formation can be controlled to some

extent by the design of the thruster.

8.3 High Velocity High Angle lons

The other major Hall thruster plume phenomenon investigated in this study was the presence
of high velocity ions at high angles off the thruster centerline. These ions have energies near
the primary beam energy, but are found at angles up to 80° off the thruster centerline.
These ions were seen in both the experimental ExB traces and the RPA traces. From the
RPA traces, it was possible to determine the proportion of these ions relative to ions with
lower energies.

The 200 W experimental data taken with the RPA revealed a peak at the primary

beam energy for angles from 0 to 80°. The height and width of the peak varied with RPA
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angle: at 0°, decreasing in height and becoming slightly wider as the angle was increased.
For all angles, the high energy peak was centered at about 225 V, and the width of the peak
was less than 50 V. Additionally, as the angle was increased, a peak centered at about 30
V started to grow in height.

Looking at the HPHall trajectories in the 200 W upstream simulation, one sees
acceptable agreement with the experimental data until 30°. At 40°, the high energy ion
peak essentially disappears, and at angles higher that 40°, there are almost no ions with
energies above 100 eV/q. Overall, the matching between the 200 W upstream model and
the 200 W experimental data is poor. Looking at the 200 W downstream case, one sees
fairly good agreement with the experimental data until 45°. At this point, the high velocity
peak seems to merge into the rest of the distribution, and at 55° there is no discernable
peak in the distribution, just one broad “mound” that extends from 0 eV/q to about 275
eV/q. This trend continues for angles above 55° (with one exception at 60°, which was
discussed in Section 6.4). The simulated results therefore show ions at 225 eV, but do not
show a peak at this location. So the 200 W downstream model is better, but it still does
not match the actual data at high angles.

Comparing the RPA experimental data at 650 W to the data from the simulated
650 W upstream case shows that the two data sets agree fairly well between 0 and 30°. At
40°, a clear peak in the experimental data can be seen at about 270 eV/q, whereas in the
simulated case there is a small, very broad peak in the energy distribution. Whereas the
experimental data shows a peak at the primary potential at angles out to 60°, the simulated
data shows no such structure at angles greater than 40°. The 650 W downstream case does
not do a much better job of matching the experimental data above 30°. Although it shows
high energy peaks out to 75°, the peaks are much broader than in the experimental traces.
Rather than a peak with a width of about 30°, centered at 270 V, a peak with a width of
about 200 eV/q, centered at about 225 eV/q, is seen in the 650 W downstream data.

To understand what is causing the shapes of the simulated RPA traces, one must
examine the plasma potential, electric field, and ion density distributions presented in Sec-
tion 6.2. As was discussed in this section, in the “upstream” models the axial electric field
is large relative to the radial electric field, except for a region within a few millimeters of
the corners of the channel. Also, the region of high axial electric field occurs upstream of

the exit plane. So, for an ion to obtain a kinetic energy that is close to the primary energy,
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it must be created upstream of this region, and then be accelerated through the high field
region. The only ions that can reach high angles in this situation are those that are born
downstream of the region of high axial electric field, hence the tall low energy peaks and
lack of high energy ions at high angles in the 650 and 200 W upstream simulated data.

In the “downstream” models, in contrast, the radial electric field was found to be
comparable in magnitude to the radial electric field throughout most of the region near the
exit plane. Near the corners of the channel, the magnitude of the radial electric field was
almost an order of magnitude higher than the maximum value of the axial electric field in
the simulation domain. This allows high energy ions to be created at all angles off of the
thruster centerline. The reason that the energy distribution is mound-shaped at high angles
is because the potential drop is spread out over a large axial distance. An ion that is created
upstream of the potential drop can be accelerated out to high angles just as easily as an ion
that is created in the middle of the potential drop.

If one compares the axial electric field in the 650 W downstream model to the 200
W downstream model (Figure 6.7 vs. 6.17), one sees that the potential drop, and thus the
region of maximum axial electric field, occurs over a slightly shorter axial distance. This
difference is reflected in the simulated RPA traces; in the 200 W case, at 70 to 80°, the ion
energies span from 0 to 275 eV/q, while in the 650 W case, the distribution appears to be
centered at about 200 eV/q and spans from about 100 to 300 eV/q. Since the potential
drop occurs over a slightly shorter region in the 650 W downstream case, the distribution is
slightly narrower and more peaked.

Clearly, none of the HPHall runs, even those in which a significant portion of the
potential drop was moved downstream of the exit plane, do a particularly good job replicating
the data seen in the experiment. Even though some primary energy ions are seen at high
angles, these ions do not result in a peak in the energy distribution. Even if the erosion
of the actual thruster were to be taken into account, the eroded region does not extend
far enough back in the channel for the 650W and 200W upstream simulations to produce
primary energy ions at high angles.

To reproduce the results seen in the experiment, the potential drop would need
to look similar to the right-most drawing in Figure 8.1, i.e., the axial distance over which
it occurs would have to be small, and most of the potential drop would need to occur

downstream of the exit plane. In this case, any ion created upstream of the exit plane would
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be accelerated through the full potential drop of the thruster. Most of the ions would be
accelerated axially, since the highest density of ions would be along the centerline, where
the electric field would be primarily axial. However, ions originating near the corner could be
accelerated out to high angles, and because of the shape of the field at the corner, would be

accelerated primarily in the radial direction, through the full potential drop of the thruster.

Simulated Simulated Potential to match
upstream downstream experiment
> > > >
2|18 8 8 =
Potential on centerline Potential on centerline Potential on centerline
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potential region. (primary beam energy).

Figure 8.1: Potential profiles from HPHall versus the theoretical profile needed to match the
experiment. The right-most potential profile could accelerate ions to high angles and high
velocities, since ions created near the corner would be created in a high-potential region.

If the potential drop did look like the one pictured in Figure 8.1, at low angles off
the thruster centerline, one would expect to see a large, high energy peak in the simulated
data, as is seen in the experimental data. As the angle is increased, one would expect to see

the peak get shorter in magnitude, but also become more narrow. The peak would become
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more narrow due to the potential drop occurring over a shorter distance. At all angles, one
would expect to see very few low energy ions in the simulated data, because most of the ions
would be created upstream of the potential drop, even those that reach high angles. The
lack of low energy ions in the simulated traces would not match the experimental results,
since a large, low energy peak, as well as a tail of mid-range energy ions was seen in the
experimental data. However, as was noted earlier, the version of HPHall that was used in
the present study does not take into account the effects of charge exchange collisions or
elastic scattering collisions. Collision phenomena would increase the number of low energy
and mid-range ions present in the traces at high angles [48].

Despite the best efforts of the author (over 100 different HPHall cases were run), the
mobility coefficients and transition locations could not be sensibly changed in such a way
that resulted in a simulated potential profile that looks like the one pictured in Figure 8.1.
This does not necessarily mean that the potential profile in Figure 8.1 is non-physical. In
fact, recent internal measurements of a 6kW laboratory Hall thruster by B. M. Reid show
that for this thruster most of the potential drop does occur downstream of the thruster exit
plane [10, 35]. Accurate internal measurements of the SPT-70 thruster potential profile are
not, to the author's knowledge, available, due to the difficulty of probing a small diameter
thruster (the 6 kW thruster used in Reid's experiments has a diameter about 10 times larger
than the SPT-70 thruster).

One of the conclusions that can be drawn from the comparison of the RPA experi-
mental and simulated data sets is that if high angle ions are indeed created by a potential
profile that looks like the one in Figure 8.1, then HPHall is doing a poor job of modeling the
potential field of the SPT-70. Since the magnetic field was directly measured, the error in
the potential profile is likely due to the electron-mobility sub-model. The way the electron
mobility has been treated in HPHall has been the subject of much scrutiny [51, 52], however,
the creation of a new electron mobility sub-model was beyond the scope of this thesis.

By applying the corner sheath model, it was possible to determine what effect the
non-neutral sheath has on ion trajectories. Overall, the model results showed that the change
in angle that could be achieved ranged from 10 to 20°, depending on the axial location at
which an ion entered the sheath, and its velocity. Although this is a significant angle change
and should not be discounted in future work, it is not enough to fully explain the high

velocity, high angle ion peaks seen in the experimental data. Nor does it account for the
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discrepancy between the simulated HPHall RPA traces and the actual RPA data.
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Chapter 9

Conclusions and Recommendations

The research detailed in this thesis provides several contributions to the field of Hall thruster
near-field and plume research. In addition to providing detailed measurements of the ion
current density and ion velocities within the near-field region, this research offers insight
into the specific physical mechanisms that govern the development of high velocity ion
trajectories. Ultimately, the information contained in this thesis can be applied to the

development of better Hall thruster simulations and thruster integration techniques.

0.1 Conclusions

In the investigation of the central jet, several notable conclusions were drawn from both
the experimental and numerical data. The jet was found to be made up of ions traveling
at angles between 0 and 10° off of the thruster centerline. The simulated data suggested
that ions are able to obtain trajectory angles of about 10° due to the shape of the plasma
potential. The experimental data show that as the ions converge on the thruster centerline
to form the jet, they experience a decrease in radial velocity, producing a jet that not only
contains ions with 10° trajectories, but also a substantial population of ions with purely axial
0° trajectories. To what degree this deceleration in the radial direction can be attributed
to collisions, versus an elevated potential on the thruster centerline, is a subject for future
study.

The high velocity trajectory investigation also showed a significantly greater pro-
portion of inward moving ions versus outward moving ions, thus revealing that the beam
development is not strictly due to symmetrical expansion from the channel. This obser-

vation was made for both the experimental and simulated data, and was attributed to a
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plasma potential profile that is slightly asymmetric about the channel centerline. This is in
line with previous experimental findings which showed how the shape of the magnetic field
could influence the performance parameters of a Hall thruster [21]. In this previous study,
it was seen that the internal magnetic field could have a large impact on the overall beam
divergence; however, ion trajectories were not directly tracked in this previous case, nor was
a direct link made between the magnetic field shape, the potential profile, and the ensuing
ion trajectories, as was done here.

Additionally, a large amount of headway was made in discovering the mechanism
that creates high angle, high energy ion trajectories. Because the theoretical potential
profile shown in Figure 8.1 would explain the presence of these ions in the experimental
data, and could match the RPA measurements if CEX and elastic scattering were taken into
account, it is considered the most promising explanation for the high angle, high energy ions.
Oscillations, at least those of the “breathing mode” and “transit-time” variety, are not likely
to be the cause of these ions because the peaks and troughs in the potential oscillations
do not line up with the peaks and troughs in the ion density oscillations. Therefore, the
potential oscillations are more likely to broaden peaks in the energy spectrum, rather than
generate them. Additionally, although the corner sheath model suggests that the sheath
can increase ion trajectory angle by 10 to 20°, the sheath alone is not enough to create the
high angle trajectories seen in the experiment.

One interesting implication of the study of the high angle, high energy ions is that
these ions seem to be a direct reflection of the internal physics of the Hall thruster, and in
particular the location of the acceleration region. The study showed what the RPA profiles
would look like, given the potential profiles seen in the simulated cases. This suggests that
RPA measurements could be treated as “signatures” for the internal shape of the potential.
Since RPA measurements in the far-field of the thruster are much easier to obtain than
internal measurements of potential, this might be a logical first step for any researcher

seeking to determine what the potential profile looks like inside a given thruster.

0.2 Recommendations for Future Work

In terms of future study of the central jet, the next step to take is to determine to what degree

collisions and the elevated plasma density along the thruster centerline affect the radial
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deceleration of ions. Charge exchange collisions have already been implemented in HPHall,
although some work is required to get them running more efficiently. Elastic scattering could
be implemented in the code as well. An experimental survey of the potential on the thruster
centerline would be fairly easy to conduct, to determine whether the rise in potential at the
thruster centerline due to converging ions is large enough to produce the deceleration seen

in the experiment.

In terms of future investigations of the high angle, high energy ions, there are a few
approaches that could be taken to prove that the shape of the internal/near-field potential
profile of the thruster does in fact look like the theoretical case required to produce them.
One way would be to take internal measurements of an SPT-70 Hall thruster. Due to the
small size of the SPT-70, it would be a challenge to take accurate internal measurements of
the thruster without significantly disturbing the plasma. Another method would be to add a
better electron mobility sub-model to HPHall, or to create a model independent of HPHall
that includes accurate mobility physics. However, even if this is done, there is no guarantee
that this will result in the desired potential profile. Probably the simplest approach is to
do an extensive ion trajectory survey of a Hall thruster for which internal data is readily
available. If high angle, high energy ions were found, combined with a measured potential
profile that looks like the one in Figure 8.1, then that would be strong evidence for the

conclusions made here.

Future SPT-70 measurements, a better electron mobility model, or HPHall studies
and ion trajectory measurements on thrusters for which internal data is available, could reveal
that the internal/near-field potential profile is capable of creating the RPA traces seen in
the experiment. If this is the case, then one recommendation to Hall thruster modelers is to
consider ion trajectory data, such as RPA measurements, when validating one's code. Up
until now, Hall thruster codes have primarily been developed and tested by comparing the
performance parameters such as thrust and specific impulse to experimental values. (One
exception is an effort being made at the Air Force Research Laboratory to match HPHall
outputs to internal LIF velocity measurements and external RPA measurements). However,
as is suggested by the results of the present study, this method of validation is limited when
it comes to the prediction of accurate ion trajectories by the code. If one’s goal is to create a
fully-integrated Hall thruster code, which combines internal, near-field, and far-field physics,

it is important to understand how ion trajectories reflect the plasma parameters inside the
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thruster channel.
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Appendix A

Additional Experimental ExB Data
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Figure A.1: ExB results, 200 W case, at 0°.
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Angle = 10°, Power = 200 W
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Figure A.2: ExB results, 200 W case, at 10°.
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Figure A.4: ExB results, 200 W case, at 30°.
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Figure A.6: ExB results, 200 W case, at 50°.
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Figure A.7: ExB results, 200 W case, at 60°.
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Figure A.8: ExB results, 650 W case, at 0°.



High Velocity Collimated Xe" Current Density [mA/mz]

206

Angle = 10°, Power = 650 W

8r 150 mm |
6_ .
al i
ot //\ i
o, : : :"/ﬂ : '\ H
8r 125 mm |
6_ .
4-_ i
i N
oL, | | = :\ H
8 100 mm ]
6l i
al ]
il N _
oL, | | L AN =
8 75 mm ]
6l i
al ]
2} \/\ )
Oy + v H
8 50 mm ]
6_

ul

i \/\

0L, .

! I ! ! ! ! ! !
-300 -200 —1 00
Transverse Location [mm]

|
N
o
o

100

Figure A.9: ExB results, 650 W case, at 10°.
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Figure A.11: ExB results, 650 W case, at 30°.
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Appendix B

Additional Experimental RPA Data

B.1 Raw RPA Data
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Figure B.1: RPA raw data, 200W, from 0 to 40°.
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Figure B.2: RPA raw data, 200W, from 45 to 65°.
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Figure B.3: RPA raw data, 200W, from 70 to 90°.
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Figure B.4: RPA raw data, 650W, from 0 to 40°.
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Figure B.6: RPA raw data, 650W, from 70 to 90°.
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B.2 Differentiated RPA Data (not normalized)
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Figure B.7: RPA differentiated data, 200W, from 0 to 40°.
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Figure B.8: RPA differentiated data, 200W, from 45 to 65°.
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Figure B.9: RPA differentiated data, 200W, from 70 to 90°.
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Figure B.10: RPA differentiated data, 650W, from 0 to 40°.
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Figure B.11: RPA differentiated data, 650W, from 45 to 65°.
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Figure B.12: RPA differentiated data, 650W, from 70 to 90°.
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B.3 Sputter Yield Data
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Figure B.13: Sputter yield for Carbon, fitted to data in [50].
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Figure B.14: Sputter yield for Silicon, from [49].
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Figure B.15: Sputter yield for Aluminum, from [49].
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Figure B.16: Sputter yield for Titanium, fitted to data in [50].
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Appendix C

Additional HPHall Oscillation
Results
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Figure C.1: Oscillation tracking in HPHall for the 650 W downstream run.
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Figure C.2: Frequency spectrum for the 650 W downstream run.
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Figure C.4: Frequency spectrum for the 200 W upstream run.
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Figure C.5: Oscillation tracking in HPHall for the 200 W downstream run.
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Appendix D

Additional HPHall Simulated ExB
Probe Results
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Figure D.1: ExB probe traces created from HPHall data at 50 mm, 650 W upstream and
downstream runs, ion current (not ion current density).
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x 107 Axial Distance = 100 mm, 650 W
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Figure D.2: ExB probe traces created from HPHall data at 100 mm, 650 W runs, ion current
(not ion current density).
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x 107 Axial Distance = 150 mm, 650 W
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Figure D.3: ExB probe traces created from HPHall data at 150 mm, 650 W upstream and
downstream runs, ion current (not ion current density).
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Figure D.4: ExB probe traces created from HPHall data at 50 mm, 200 W upstream and
downstream runs, ion current (not ion current density).
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Figure D.5: ExB probe traces created from HPHall data at 100 mm, 200 W runs, ion current
(not ion current density).



241

x 10°° Axial Distance = 150 mm, 200 W
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Figure D.6: ExB probe traces created from HPHall data at 150 mm, 200 W upstream and
downstream runs, ion current (not ion current density).
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Appendix E

Additional Corner Sheath Model
Trajectory Results

lon Trajectories, U0 =7.5, V0 =-1

L 0 ‘e ) 0 \1‘\
o 4t

-60 -40 -20 0
=z

0 1
-100 -80

Figure E.1: Trajectories from the corner sheath model, Uy = 7.5, 650 W upstream run.

Table E.1: Trajectories through sheath, Uy = 7.5, 650 W upstream run.

% 0 o ] 0; ] A0 ]
-50 4.2 -7.6 -20.7 -13.1
-45 4.5 -7.6 -21.2 -13.7
-40 4.8 -7.6 -21.6 -14.0
-35 4.9 -7.6 -21.8 -14.2
-30 5.0 -7.6 -21.9 -14.3
-25 5.0 -7.6 2211 -14.5
-20 5.1 -7.6 -20.0 -12.4
-15 5.1 -7.6 -14.4 -6.8

-10 5.1 -7.6 -10.8 -3.2

-5 5.2 -7.6 -8.6 -1.0
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Table E.2: Trajectories through sheath, Uy = 10.0, 650 W upstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 4.2 -5.7 -16.0 -10.2
-45 4.5 5.7 -16.4 -10.7
-40 4.8 -5.7 -16.7 -10.9
-35 49 -5.7 -16.8 -11.0
-30 5.0 -5.7 -16.9 -11.2
-25 5.0 -5.7 -13.8 -8.1
-20 5.1 -5.7 -10.8 -5.0
-15 5.1 5.7 -8.5 -2.8
-10 5.1 -5.7 -7.0 -1.3
-5 5.2 -5.7 -6.1 -0.4

lon Trajectories, LJ0 =10, V0 = -1

0 1 1
-100 -80 -60 -40 -20 0
=z

Figure E.2: Trajectories from the corner sheath model, Uy = 10.0, 650 W upstream run.




245

Table E.3: Trajectories through sheath, Uy = 7.5, 650 W downstream run.

Co Po bo [] Or [°] Ad [°]
-50 4.7 -7.6 -19.8 -12.2
-45 4.6 -7.6 -19.5 -11.9
-40 4.5 -7.6 -19.1 -11.5
-35 4.4 -7.6 -18.9 -11.3
-30 4.4 -7.6 -18.6 -11.0
-25 43 -7.6 -18.4 -10.8
-20 4.2 -7.6 -18.3 -10.8
-15 4.2 -7.6 -14.4 -6.9
-10 4.1 -7.6 -11.1 -3.5
-5 4.1 -7.6 -8.9 -1.3

lon Trajectories, L{) =7.5, VO =-1

60 i

"

Q 2L

0

-100 -80 -60 -40 -20 0

Figure E.3: Trajectories from the corner sheath model, Uy = 7.5, 650 W downstream run.
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Table E.4: Trajectories through sheath, Uy = 10.0, 650 W downstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 4.7 -5.7 -14.8 -9.1
-45 4.6 -5.7 -14.6 -8.8
-40 4.5 -5.7 -14.4 -8.7
-35 4.4 -5.7 -14.1 -8.4
-30 4.4 -5.7 -14.1 -8.4
-25 43 -5.7 -12.5 -6.8
-20 4.2 -5.7 -10.1 -4.4
-15 4.2 -5.7 -8.3 -2.6
-10 4.1 -5.7 -7.2 -1.5
-5 4.1 -5.7 -6.4 -0.7

lon Trajectories, U0 =10, V0 = -1
o 4f

<

1]

[oX 2+t

Figure E.4: Trajectories from the corner sheath model, Uy = 10.0, 650 W downstream run.
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Table E.5: Trajectories through sheath, Uy = 7.5, 200 W upstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 4.7 -7.6 -21.3 -13.7
-45 4.8 -7.6 -21.5 -13.9
-40 4.9 -7.6 -21.8 -14.2
-35 49 -7.6 -22.0 -14.4
-30 5.0 -7.6 -22.2 -14.6
-25 51 -7.6 -22.2 -14.6
-20 5.1 -7.6 -19.1 -11.5
-15 5.2 -7.6 -13.8 -6.2
-10 5.2 -7.6 -10.4 -2.8
-5 53 -7.6 -8.4 -0.8

lon Trajectories, U0 =7.5, VO =-1

ot \\\

"

Q 2 L

O 1
-100 -80 —60 -40 -20

Figure E.5: Trajectories from the corner sheath model, Uy = 7.5, 200 W upstream run.
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Table E.6: Trajectories through sheath, Uy = 10.0, 200 W upstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 4.7 -5.7 -16.5 -10.7
-45 4.8 -5.7 -16.7 -11.0
-40 4.9 -5.7 -16.8 -11.1
-35 4.9 -5.7 -16.9 -11.2
-30 5.0 -5.7 -17.0 -11.3
-25 5.1 -5.7 -13.5 -7.8
-20 5.1 -5.7 -10.3 -4.6
-15 5.2 -5.7 -8.3 -2.6
-10 5.2 -5.7 -6.9 -1.2
-5 5.3 -5.7 -5.9 -0.2

lon Trajectories, U, = 10, V= -1

60

"

Q

-80

=z

Figure E.6: Trajectories from the corner sheath model, Uy = 10.0, 200 W upstream run.




249

Table E.7: Trajectories through sheath, Uy = 7.5, 200 W downstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 5.15 -7.6 -21.9 -14.3
-45 5.10 -7.6 -21.9 -14.3
-40 5.08 -7.6 -22.0 -14.4
-35 5.08 -7.6 -21.9 -14.3
-30 5.08 -7.6 -21.9 -14.3
-25 5.08 -7.6 -22.0 -14.4
-20 5.08 -7.6 -18.9 -11.3
-15 5.09 -7.6 -13.7 -6.1
-10 5.11 -7.6 -10.4 -2.8
-5 5.12 -7.6 -8.4 -0.8

lon Trajectories, UO =17.5, V0 =-1
e e ) ok e " L e ke 3
\ ]
o 4r

<

"

Q 2+

-100 -80 -60 -40 -20 0
=2z,

Figure E.7: Trajectories from the corner sheath model, Uy = 7.5, 200 W downstream run.
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Table E.8: Trajectories through sheath, Uy = 10.0, 200 W downstream run.

Co Po 0o [°] 05 [°] Af [°]
-50 5.15 -5.7 -16.8 -11.1
-45 5.10 -5.7 -16.8 -11.1
-40 5.08 -5.7 -16.8 -11.1
-35 5.08 -5.7 -16.8 -11.1
-30 5.08 -5.7 -16.6 -10.9
-25 5.08 -5.7 -13.1 -7.4
-20 5.08 -5.7 -10.2 -4.5
-15 5.09 -5.7 -8.3 -2.6
-10 5.11 -5.7 -6.8 -1.1
-5 5.12 -5.7 -6.1 -0.4
lon Trajectories, U0 =10, V0 = -1
[a) 4r \\
<
1]
Q 2 L
0 1 1 1 1 J
-100 -80 -60 -40 -20 0
=z

D

Figure E.8: Trajectories from the corner sheath model, Uy = 10.0, 200 W downstream run.
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