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magnetic field (T)

magnetic field normalization constant (T)
speed of light (299792458 m/s)
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Bohm diffusion coefficient (m?/s)
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Ig = specific impulse (s)

Ispa = anode specific impulse (s)

I; = total impulse (Ns)

Ji = current density (A/m?)

Ib = beam current density (A/m?)

k = Boltzmann’s constant (1.3807 X 102 J/K)
L = characteristic scale length (m)

M = ion mass (kg)

m = mass (kg)

m = mass flow rate (kg/s)

mg = anode mass flow rate (kg/s)

me = electron mass (9.1094 X 103! kg)

m; = ion mass (kg)

m; = ion mass flow rate (kg/s)
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n = particle density (particles/m®)
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P = pressure (Pa)
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p = momentum (Ns)

e = charge of an electron (1.602176487 X 10™° C)
qi = charge of an ion (C)
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r = radius, beam radius (m)

T = Larmor radius (m)
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electron temperature (K)
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Nsys
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CHARACTERIZATION AND ANOMALOQOUS
DIFFUSION ANALYSIS OF A 100W LOW POWER
ANNULAR HALL EFFECT THRUSTER

l. Introduction

1.1 Background

Hall effect thrusters (HETS) have emerged as a leading electric propulsion technology in
terms of thrust, specific impulse, and efficiency. Electric propulsion relies on the acceleration of
gases for propulsion by electrical heating or by the combination of electric and magnetic forces.
HETSs fall within the electrostatic propulsion subdivision of electric propulsion [1]. These thrusters
generally operate in power ranges of hundreds of Watts to tens of kilowatts with a specific impulse
anywhere from several hundred seconds to thousands of seconds [2]. The specific impulse of
HETs is significantly greater than those of chemical propulsion systems and HETs. Additionally,
HETSs typically have thrust levels on the scale of a fraction of a Newton (depending on discharge
power), making them an ideal option for station keeping. This is because only small amounts of

thrust are required for station keeping and propellant mass is minimized.

HETSs are most commonly used for station keeping because of their specific impulse and
thrust capabilities. However, HETSs are not limited to station keeping; it simply takes HETSs longer
than chemical propulsion systems to provide the change in velocity needed for orbit transfers.
HETSs have been used for large orbit transfers by design [3] and as a solution to primary propulsion
system failure [4]. HETs have also been to decrease the altitude of the satellite’s orbit after mission

completion [5]. The purpose of this is to accelerate the orbital decay and thereby decrease the



amount of time before the satellite reenters the atmosphere. Additionally, HETs are considered

viable options for deep space missions [6] and formation flying [7].

The first working HETs were reported independently in America and Russia in the 1960s.
In December of 1971 the Soviets successfully operated the first pair of HETS in space aboard the
Meteor weather satellite [8]. The two thrusters, SPT-60s, were operational for more than 170 hours
and raised the satellite’s orbit altitude by 17 kilometers into a sun-synchronous orbit [9]. Since
their initial on-orbit success in 1971, HETs have gained considerable flight heritage and global
popularity within government-sponsored and commercial led space programs. Over 140 HETs
have operated in space since the first on-orbit test in 1971 [2] and the use of electric propulsion on

spacecraft continues to grow globally as reliability, flight heritage, and cost benefits increase.

1.2 Motivation

A primary advantage of electric propulsion over chemical propulsion systems is its power
source. Power required for HET operation is provided directly by the spacecraft’s power
subsystem as compared to the fixed amount of internal energy of the propellant [8]. This means
the amount of power supplied to the HET is limited by the technology available and size of the
solar arrays. This amount of power is expected to increase as advancements to power subsystem
components are made. These advances can decrease the amount of propellant mass needed,
reducing the overall mass of the satellite and the concurrent cost of the launch. Electric propulsion
systems are also more precise with their thrust level adjustability compared to chemical systems,
have a shutdown and restart capability, long lifetime, and can use chemically passive propellants
safer to handle than most of the propellants used in chemical systems [10]. Compared to other

forms of electric propulsion, HETSs typically have higher specific power and higher thrust to power



ratios [8]. HETSs also generally have less mass and are physically smaller than other forms of

electric propulsion [8].

Although HETSs are already favored for their ability to reduce spacecraft mass, efforts are
being made to further increase their advantage over other propulsion systems by improving their
performance. These efforts include lowering the beam divergence angle, reducing and
characterizing electromagnetic interference with the spacecraft, decreasing erosion rates and
thereby increasing HET lifetime, raising the thrust to power ratio as much as physically possible,
increasing thrust efficiency, and scaling the power [11, 12] from tens of Watts up to 100 kilowatts
[8]. HETS are designed with greater capabilities due to the rapid rise in spacecraft power able to
support such subsystems as well as for spacecraft missions requiring propulsion systems with
greater efficiency, lifetime, and operating envelopes [8]. Understanding the dynamics within the
thruster channel and plume is essential to make these improvements in a time and cost-saving

manner.

Although HETSs have been studied and characterized since the 1960s, the plasma dynamics
within the channel and plume remain an active area of research because they are not fully
understood [12, 13, 14]. Internal plasma measurements demonstrate classical diffusion theory
based on collision frequency cannot be the only transport mechanism enhancing cross-field
mobility [8, 15]. This has led to non-classical, or anomalous diffusion theory, and is thought to be
caused by a combination of several different mechanisms. The two most commonly proposed
anomalous transport mechanisms are Bohm diffusion and near-wall conductivity. An observed
effect of an unknown, additional mechanism causing transport across the magnetic field is referred
to as the rotating spoke. A connection between increased cathode electron emission and reduced

transport has been observed [3], however, better understanding of the spokes are required to



determine what mechanism causes the additional transport, or rather, what the causal relationship
between plasma instabilities and anomalous diffusion modes is. This is an important phenomenon
to understand and reduce because anomalous diffusion causes excessive cross-field current and
shifts the ion accelerating region outside of the thruster channel. This shift results in a more
diverged plasma plume and diminishes HET efficiency because it limits the maximum achievable

electric field [16].

1.3 Scope

The focus of this research is the characterization of the Busek 100 Watt long-life, low
power annular HET (BHT-100-1) and the observation of plasma oscillations within the thruster.
Data from the HET’s nominal operating boundaries is used to characterize the thruster using a
Faraday probe and E x B probe to determine the plume divergence angle, current density profile,
and ion species fractions at these operating modes. Plasma instability is induced by decreasing the
discharge voltage and increasing propellant flow to the thruster to observe the rotating spokes
phenomenon associated with anomalous diffusion. During this operating mode, concurrent
measurements of the local plasma potential are measured with an emissive probe, visible emissions
are captured using a high-speed camera capable of collecting data at one million frames per second,

and discharge current is measured with an oscilloscope.

1.4 Objectives

Hall thrusters are a viable propulsion alternative for station keeping, collision avoidance,
orbit transfers, formation flying, and deep space missions. This research is being conducted
because the BHT-100-1 and HET plasma dynamics are not fully understood. The BHT-100-I

features several modifications intended to increase the lifetime of the thruster, but this, as well as



any secondary effects of these modifications, is experimentally untested. The BHT-100-I’s
performance has only been established for pre-delivery check-out purposes by Busek.
Experimental testing is performed at facilities located at the Air Force Institute of Technology
(AFIT) on Wright-Patterson Air Force Base. Specifically, the Space Propulsion Analysis and
System Simulator (SPASS) chamber. Experiments use pressurized xenon gas as the propellant.

The objectives of this research are as follows:

a. Verify the BHT-100-1 operates as expected by comparing experimental results to
performance test data from pre-delivery check-out provided by Busek.

b. Vary the discharge voltage to develop performance curves for current density, divergence
angle, ion species, and efficiency at several nominal operating conditions by conducting
radial sweeps with a Faraday probe and E x B probe at 20, 30, 40, and 50 centimeters from
the thruster face in one degree increments with a five second dwell time per angle.

c. Determine the optimal range of operating conditions (by varying discharge voltage)
yielding greatest efficiency, smallest divergence angle, and highest single ionization
fraction.

d. Correlate non-intrusive visual measurements of plasma emission with a high-speed
camera, discharge current with a non-intrusive oscilloscope, and plasma potential with an
intrusive emissive probe at nominal conditions (breathing mode).

e. Correlate non-intrusive visual measurements of plasma emission with a high-speed
camera, discharge current with a non-intrusive oscilloscope, and plasma potential with an

intrusive emissive probe at non-optimal conditions (spoke mode).

Apart from gaining a better understanding of the operation of the BHT-100-I, the results of

this research may be used to aid in future HET development. The results could also be used to



improve or confirm existing numerical models and simulations, help develop future thruster
designs, and improve comparisons between vacuum chamber experiments and on-orbit plume

simulations.



Il. Background
2.1 Fundamentals of Rocket Propulsion

All rocket propulsion systems are based on Newton’s second law of motion that states the
sum of the forces acting on the system are equal to the time rate of change of momentum of the
system. Assuming the velocity and mass are functions of time where mass is expelled at a constant
rate and constant exhaust velocity opposite to its direction of motion, the sum of the forces acting

on the body for a closed system is modeled by equation 1 [17].

m(0)—-m(t)

Yr=tp=t(mevo+ [ 00©-vdm D
0
The change in mass is assumed to be constant and negative with each mass element moving

at the same velocity. Therefore, equation 1 can be written as an integral over time instead of mass

[12] as depicted in equation 2.

t

z F= % m©Ov(e) + f (i—’: w(t) - ve)> dt )

0

There are no external forces acting on the HET that need to be accounted for because it is
a low-pressure system and operates in a near-vacuum environment. Therefore, the change of
momentum of the system over time is zero. Equation 3 is the result of setting equation 2 equal to

zero and differentiating.

dm dm
0= d—v(t) + m(t)E ——(v(t) v,) = m(t)— +——v, (3)



The body experiences a force equivalent to the mass flow rate multiplied by the exhaust
velocity known as the thrust of the system. This basic definition of thrust mathematically described
in equation 4 assumes a unidirectional, singly ionized, monoenergetic beam. The change in mass
over time is the mass flow rate and the effective exhaust velocity term accounts for a non-uniform
distribution of exhaust velocities over the exit plane as well as for any unbalanced pressure forces

that may exist [8].

dv dm )
T = m(t)E:_Eve:mve 4)

Continuing the assumption that the mass flow rate is constant, the mass of the spacecraft

as a function of time is described by equation 5.
m(t) = m(ty) —mt (5)

The total impulse is used to describe the rocket’s lifetime and is defined as the thrust
integrated over time. The specific impulse is related to the total impulse and is a measurement of
how effectively propellant is converted into useful thrust. Assuming thrust and mass flow are

constant over time, equation 6 describes the relationship between total and specific impulse.

Lo I fOtTdt T v, ©
Pogfimdt g [ mdt gm g

Combining equations 4 through 6 and integrating from an initial to a final spacecraft

velocity and mass yields the ideal rocket equation in free space and is given by equation 7.

m(t;) v(tp)-v(to) v pom (
_ = Ve =eVe=¢e T 7)
m(to)




The ideal rocket equation in equation 7 is more commonly arranged as a resulting change

in velocity, as depicted in equation 8.

Av = lln (m(tf)> = I,g1n <m(tf)> (8)

m \m(ty) m(to)

The propulsion system’s jet power is defined in equation 9 and is the amount of axially

directed kinetic power of the exhaust converted from a fraction of the supplied input power.

1. 1
Pjer = Emvez = ETve 9)

All propulsion systems experience losses in total power system efficiency. This efficiency
is characterized as the ratio of the jet power divided by the total amount of power provided to the

propulsion subsystem.

1 _ Pjet _lTve _ngIsp
s Psys 2 Psys 2 Psys

(10)

Propulsion systems are typically described and compared to one another by means of their
maximum thrust, specific impulse, system input power, and system efficiency to determine the
thruster that best meets mission requirements. The amount of propellant needed, mission lifetime,
maximum payload mass, and flight heritage are also principle factors to consider when selecting a
viable propulsion system. Table 1 describes typical operating parameters for common types of
propulsion systems [2, 18]. These parameters are useful when deciding what type of propulsion

system best meets specified mission requirements.



Table 1. Typical Operating Parameters for Thrusters

Thruster Type ﬁ?}%ﬂ{; Ilg\?vlétr Efficiency =~ Max Duration
Cold Gas 50-75s Negligible Minutes
Chemical (Monopropellant) =~ 150-225s Negligible Minutes
Chemical (Bipropellant) 300-450 s Negligible Minutes
Resistojet 150-300 s 0.5-1 kW 65-90 % Days
Arcjet 280-800 s 0.9-2.2 kW 25-45 % Days
lon Thruster 1310-3600s = 0.4-4.3 kW 40-80 % Months to years
Hall Thruster 1220-2150s = 1.5-4.5 kW 35-60 % Weeks
Pulsed Plasma Thruster 850-1200 s <0.2 kW 7-13 % Weeks

2.2 Hall Effect Thruster Fundamentals

HETs are a common type of electrostatic thruster. Single-stage HETS typically consist of
a cylindrical channel with an interior anode, a magnetic circuit that generates a radial magnetic
field across the channel, and a cathode [2]. When operating, electrons from the cathode are trapped
in an azimuthal drift by the perpendicular magnetic and electric fields. The neutral propellant gas
flows through the anode into the discharge chamber where it becomes ionized after colliding with
the trapped electrons. These ions are then quickly accelerated out of the thruster by the electric
field and neutralized with electrons from the cathode. This results in a stream of fast-moving
neutral particles that produce thrust [8]. A diagram of a typical cross section of a HET depicting

components, fields, and ion and electron movement is displayed in figure 1.
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Figure 1. HET Cross-Sectional Schematic of Basic Operating Principles

2.2.1 Plume Characteristics

The basic thrust equation given in equation 4 may be simplified to equation 11 for HETS.
This is because the mass of an ion is significantly greater than the mass of an electron (mass of a
singly charged xenon ion is over 239,000 times greater than the mass of an electron). Although the
velocity of an electron is significantly higher than an ion due to their differences in mass, the
product of their respective mass and velocity still results in a much lower relative momentum for
electrons. Additionally, the velocity of an ion is significantly greater than the velocity of any un-

ionized propellant that exits the thruster [2] because it is not accelerated by the electric field.

The thrust is equivalently described by equation 12. This definition of thrust is accurate for

unidirectional, singly ionized, monoenergetic beams of ions. It is only an approximation of the

T =mv, = m;
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thrust produced by a HET because it does not account for the divergence of the ion beam or the

presence of multiply charged ions.

LM 29,V 2MYV,
T — ( b ) qeVp _ 1, b (12)
qe M e

Loss of momentum associated with the plume’s divergence can be calculated when the

input mass flow, measured thrust, and mass-weighted average velocity are known. There is no
consistent method for calculating the effect of plume momentum divergence on thrust because
measuring particle velocity throughout the plume is difficult [19]. One method for approximating
the plume momentum divergence for cylindrical HETs is by using the charge-weighted
divergence. The primary difference between the two results originates from spatial variation of the
average ion charge and mass utilization in the plume [19]. Using the divergence approximation,
the thrust correction factor for a cylindrical HET is mathematically described by equation 13 [2].

for 2nr](r) cos O(r)dr
t =
Iy

(13)

The ion current density and half-angle divergence of the beam are functions of the beam
radius. If the ion current density is assumed to be constant as a function of radius the thrust
correction factor for beam divergence is further simplified to the cosine of the average half-angle

divergence of the beam.

In order to account for the effect of multiply charged ion species on the thrust produced by
the HET, an additional correction factor is required [2]. This correction factor is mathematically

expressed by equation 14, where the counter represents the charged state of the ion.
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lons can become multiply charged as the result of multiple collisions or as the result of a
single collision with enough kinetic energy to reach a higher ionization state. Although multiply
charged ions are regularly observed in HET plumes, the amount of each species present in the
plume is expected to decrease with each increase in ionization state. This is because the amount of
energy required for ionization increases with each ionization state (roughly 12, 21, 32, 46 and 57
eV for xenon [20]) and the ion accelerates out of the HET as soon as it is ionized. The rapid
acceleration of the ion significantly decreases the probability of a second collision in the channel

because its time in the channel after ionization is so brief.

Collisions occur in the plume as well. Some of these collisions are required for plume
neutralization (between ions and electrons), but others are collisions between two ions or between
ions and neutral particles. These collisions result in charge exchange. Charge exchange occurs in
vacuum chamber testing more than on orbit due to background pressure in the chamber and the
exchange is greatest at the wings of the plume [21]. Additional collisions in the wings occur in

vacuum chamber tests because of the plume’s close proximity to the walls of the chamber.

Using the two correction factors expressed in equations 13 and 14 as well as the
relationship in equation 12, the thrust of a HET is best described by equation 15. The divergence

of the plume and the presence of multiply charged ions decrease the amount of thrust produced.

2MV,
T=F, al,

(15)

de
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The amount of power resulting from the beam of accelerated ions is described by equation
16 and is always less than the amount of discharge power applied to the system. This is because
of various loss mechanisms including thermal radiation, collisions with the channel walls, and

electron collection at the anode [12].
Py = IV = niqiviAVp < Py (16)
2.2.2 Anode Characteristics

When operated, the HET’s anode acts as the positive electrode for the applied voltage and
distributes the propellant gas uniformly into the chamber. This is usually done with a series of
equally spaced injection ports around the circumference of the anode, although some HETs have
separate anode and gas injector components [8]. The anode’s performance is defined by its

efficiency, discharge power, anode specific impulse, and thrust.

U, T

= = 17
Ue,a T]C ma ( )
Iy, T
P Ne mgg
n T? T?
Na = (19)
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These parameters characterize how thruster operation is affected by voltage and mass flow

rate changes and are used to assess how various operating points affect thruster processes [8].
2.2.3 Cathode Characteristics

The cathode is responsible for supplying electrons to the chamber to ionize the propellant

and into the plasma plume to neutralize the accelerating ions [8] in order to maintain a spacecraft
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with no net charge. The cathode’s physical configuration, material properties, and the structure of
the plasma from the cathode play a role in determining the performance and life of the HET [2]
making it a noteworthy component to understand. One type of cathode, and the type used for this
experiment, is the hollow cathode depicted in figure 2. This particular type of cathode utilizes a
porous tungsten hollow insert impregnated with a low work function emitter comprised of a
barium-calcium-aluminate mixture and a co-axial tantalum swaged heater wire. The heater wire is

used to bring the emitter to an ignition temperature of 1000-1200 degrees Celsius [22].
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Figure 2. Hollow Cathode Schematic

A hollow cathode may be characterized by the three distinct plasma regions: the region
interior to the cathode where the plasma is dense, the current density plasma in the orifice, and the
region exterior to the cathode that connects the diffuse plume plasma to the thruster discharge

plasma.

During operation, the propellant is injected into the hollow cathode where it is partially
ionized through an electron impact process. This plasma has a high density and low electron
temperature compared to the rest of the plasma in the HET. Therefore, the plasma potential inside
of the hollow cathode is lower as well as the ions’ energy at the insert surface. This difference

nearly eliminates ion sputtering of the surface and increases the life of the cathode. The high-
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density plasma in the insert region also eliminates space charge effects that could limit electron

emission current density at the cathode surface [2].

An orifice at the end of the emitter tube restricts the downstream gas flow and establishes
a pressure within the cathode emitter tube. The current density is highest at the orifice for this
reason. There must be sufficient plasma density generated in this region to carry the current. The

discharge current flowing through the orifice is described by equation 20.
Ig = NeqevgA (20)

The electron drift velocity in equation 20 must be significantly smaller than the thermal
drift velocity. This relationship is determined by the plasma electron temperature at the emitter

orifice and is mathematically described by equation 21 [2].

I kT
d « e

= = 21
Va oA m, Vth (21)

The plume region begins where the plasma and ionized neutral gas start to expand. This
plasma and expanding ionized gas are used to neutralize the accelerated ions from the HET channel

and to ionize the neutral propellant coming from the anode (reference figure 1).

The life of the keeper has strong effects on the life of the cathode and thruster [2], making
it a vital component to understand. The keeper is an electrode that encases the entire cathode and
serves several functions that benefit cathode operation. The keeper facilitates turning on the
cathode discharge, sustains an internal discharge before establishing thruster operation, maintains
cathode operation and temperature if the discharge or beam current is briefly interrupted, and

protects the orifice plate and external heater from ion bombardment that would otherwise limit the
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Figure 47. Beam Current as a Function of Discharge Voltage

Figure 47 depicts some variability in total beam current with respect to radial distance from
the HET. In order to look at the variability in beam current as a function of distance more closely

than what figure 47 allows, the beam current as a function of radial distance is plotted in figure 48.

Figure 48. Total Beam Current as a Function of Radial Distance

The fluctuations in total beam current at constant discharge voltage indicate spherical
spreading is not the only reason current density changes over increased radial distance, although

it is the primary reason. This is because the total beam current calculation already accounts for the

L drop in current density. The difference between total beam current calculations using

TZ
measurements from different radial distances is most likely due to a combination of measurement
uncertainty, charge exchange, wall scattering, and increased plume neutralization at greater

distances from the ionization region. The effects due to charge exchange and wall scattering are
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limited in figure 48 because the beam current density was not integrated over angles greater than
45 degrees from the HET’s centerline. Nevertheless, the effects of charge exchange and wall
scattering are not to be disregarded within this range and are still expected to have larger effects
at greater radial distances. Measurement uncertainty is expected to have the greatest effect at closer
radial distances because of potential limitations with the traverse’s ability to match desired angles

at close distances (smaller step size) and greater effects due to misalignment.
4.5.7 lon Production Efficiency

In order to better quantify the cost of producing ions, the ion production efficiency term,
also known as discharge loss was calculated. This term is a ratio of the power required to produce
ions (discharge power) over the current produced by the ions (beam current) [2]. The relationship

between discharge current and ion production efficiency is depicted in figure 49.
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Figure 49. lon Production Efficiency as a Function of Discharge Voltage

Unlike most efficiency terms, a low ion production efficiency is optimal because it
represents less power loss [2]. There is uncertainty in this calculation because it assumes only
singly-ionized particles are present. There is an average increase in discharge loss as discharge
voltage is increased. The optimal (lowest) discharge loss occurs at 200 volts, although there is a

partial decrease detected between 225 and 250 volts.
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Figure 50. BHT-100-1 Jet Plume During Operation

4.6 Anomalous Diffusion

Phase two was set up to accommodate synchronized discharge current, plasma potential at
one location in front of the channel, and plasma emission measurements. The BHT-100-1 warmed
up for at least one hour at nominal operating conditions before any data was collected or the

discharge voltage was decreased.
4.6.1 Data Synchronization

As explained in chapter three, the oscilloscope was used to trigger data collection. This is
because the oscilloscope has a trigger output terminal that could be split to trigger data collection
for the emissive probe and camera. The camera has a built-in trigger input for data collection, but
the emissive probe does not. The emissive probe is set up to be controlled through multiple
LabView programs; one for heating the probe, one for moving the traverse into the plume, and one

for recognizing the trigger from the oscilloscope to initialize data collection.
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For undetermined reasons, the computer used to run the LabView programs recognized the
oscilloscope but the LabView program itself did not. This allowed the emissive probe to be heated
and moved into the plume, but data collection was not triggered before the probe burned out. This
interface was not verified for operation before testing because the program required current to be
delivered to the emissive probe and there were no other communication interface errors between

the computer and the oscilloscope.

Before collecting data, the high-speed camera was axially aligned with the HET and

manually focused on the channel. A screenshot of the live camera feed is shown in figure 51.

Figure 51. Screenshot of High-Speed Camera Live Video Feed

Camera settings were set to minimum gain and maximum exposure time for the live feed
in figure 51. The live feed at maximum gain and exposure resulted in a larger, completely white
circle for the HET with no visible difference between the channel and nose cone regions. The
channel diameter was 240 pixels and the cathode orifice was visible at these settings. During data
collection the gain and exposure times were maximized when applicable in order for the camera

to detect as much light as possible. Videos are recorded using the camera’s dedicated 10-bit format
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and these raw files are processed by the camera’s control unit software into an 8-bit or 16-bit

format for analysis; saving the raw files is not an option.

4.6.2 Breathing Mode

The HET was operating at the parameters listed in table 5 when the thruster was in the

breathing mode state associated with nominal operation.

Table 5. Breathing Mode Operating Parameters

Operating Parameter Voltage Current Power Mass Flow Rate
Cathode Keeper 16.1V 0.496 A 7.99 W 1.01 sccm
Anode 250 V 0.406 A 101.5W 5.75 sccm
Magnet 201V 1A 201W NA

At the one MHz frame rate, the camera was unable to detect many photons in the visible
spectrum. There was little to no distinction in intensity throughout the channel as a function of
azimuthal position. Additionally, because increasing exposure was not an option at this frame rate,
there were multiple frames with less than the three non-zero bit values needed for MATLAB’s
natural neighbor interpolation method. Frames with less than three non-zero bits were treated as
having no intensity. Figure 52 depicts the arbitrary intensity across the channel over time at the

one MHz frame rate during nominal operation.
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Figure 52. Breathing Mode Projected Channel Plot with Arbitrary Intensity
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Decreasing the distinction between frames with intensity and those without by increasing
the minimum cutoff value on the colormap showed a broader range of intensity values, but the
scale (of arbitrary intensity) has negligible variation in magnitude. The same data from figure 52
is depicted in figure 53 with this modification. The synchronized discharge current for the data

depicted on the projected channel plots in figures 52 and 53 is displayed in figure 54.
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Figure 53. Breathing Mode Channel Plot with Arbitrary Intensity and Min Cutoff Intensity
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Figure 54. Breathing Mode Discharge Current

The discharge current has an oscillating period of approximately 12.6 ps and corresponds
to the period of the HET’s breathing oscillations. This oscillation frequency of 79 kHz does not
correspond to differences in intensity on the projected channel plots as expected. This is because
not enough light in the visible spectrum was detected by the camera at this frame rate; the same

was true at 500 thousand frames per second.
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data set resulted in what appeared to be white noise, whereas individual transforms yielded an

easily observable dominant frequency.
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Figure 58. Breathing Mode Breathing Oscillation Frequency Histogram

The mean breathing oscillation frequency as determined by the high-speed camera was
78.12 kHz. This is 88 Hz slower than what oscilloscope results indicate with a 1.12% difference.
The breathing oscillations varied from 64.4 kHz to 89.1 kHz across the 30 sets of data and the
standard deviation of these results is 6.75 kHz. This range is greater than the frequency distribution

from the corresponding oscilloscope data.

4.6.3 Spoke Mode

The HET was operating at the parameters listed in table 6 when the thruster was in spoke
mode. Spokes occur as a superposition on top of breathing oscillations [12, 13]. The discharge
voltage was decreased to 40% of the nominal value and the mass flow rate was increased by

19.62% to support the thruster’s operation at this voltage.

Table 6. Spoke Mode Operating Parameters

Operating Parameter Voltage Current Power Mass Flow Rate
Cathode Keeper 8.8V 0.492 A 4.33W 1.01 sccm
Anode 100 0.536 A 53.6 W 7.4 sccm
Magnet 2.72V 1A 2.72W NA

89



be distinguishable if only one portion of the HET channel was being analyzed, the oscilloscope

measures the discharge current of the entire HET channel.
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Figure 62. Spoke Mode Breathing Oscillations

The dominant oscillation frequency during spoke mode was 41 kHz and no other
frequencies with similar prominence were apparent. However, there is a significant increase in the
width of the distribution compared to the results from the breathing mode. Figure 62 indicates the

frequency of the breathing oscillations is between approximately 30 kHz and 55 kHz.

The frequency of the breathing oscillations is faster during breathing mode (79 kHz v. 41
kHz) as expected. This is because breathing oscillations are characterized by the periodic depletion
and replenishment of the neutral near the exit, and the mass flow rate was increased to stabilize
the HET during spoke mode, thereby increasing the time needed to deplete and replenish the
neutrals. The 48.1% decrease in breathing oscillation frequency (from breathing mode to spoke
mode) makes sense given the change in operating conditions. This is because there was a 52.81%
decrease in anode discharge power (and presumably the electric field) between the two operating
conditions. Additionally, there was a 19.62% increase in total mass flow rate. Accounting for these
two differences in operating conditions, the expected breathing oscillation frequency in spoke

mode is roughly 44.59 kHz. There is an 8.39% difference between the 41 kHz oscillations observed
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and the 44.59 kHz oscillations expected based solely on the differences in discharge power and

total mass flow rate.

Figure 63 is a histogram depicting the most dominant oscillation frequency as indicated by

fast Fourier transforms from 30 projected channel plots at 125 thousand frames per second.
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Figure 63. Spoke Mode Breathing Oscillation Frequency Histogram
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Based on data from the high-speed camera at 125 thousand frames per second, the

breathing oscillations have a frequency of 39.1 kHz with a standard deviation of 4.28 kHz and a

range of 30.94 kHz to 50.2 kHz. This mean oscillation frequency is 1.1 kHz slower than the most

dominant frequency according to the discharge current and the range falls within the oscilloscope’s

primary frequency distribution.
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V. Conclusions

The BHT-100-1 is not a commercially available thruster and it is designed to operate at
lower power levels than Busek’s commercially available HETs. It has a basic HET design with
additional features intended to decrease erosion and thus increase the lifetime of the thruster. These
features include a permanent magnet under the nose cone, boron nitride lining at the exit plane,
and plasma ground screens. It was also manufactured with materials and coatings that are

compatible with iodine.

The original intent of this research was to validate the BHT-100-1 operated as expected
using pre-delivery checkout measurements from the manufacturer, to characterize its nominal
performance at various mass flow rates and discharge voltages, and to investigate anomalous
diffusion within the HET’s channel. The HET was projected to be characterized using
measurements of the plume’s current density profile and ion species fractions from a Faraday
probe and E x B probe, respectively. Plasma oscillations, including those associated with
anomalous diffusion, were expected to be observed using time-synchronous plasma potential,
visible emission, and discharge current measurements with an emissive probe, high-speed camera,

and oscilloscope at high sampling rates.

Many challenges with equipment arose as this research was conducted, and not every
challenge was overcome. This limited the scope of the experiment and prohibited some of the
objectives from being fully met, increasing the amount of future work required. Future work is
needed to better understand how the modifications made to the BHT-100-1 affect its operation.

This requires additional investigation to determine the source of several equipment issues.
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5.1 Summary of Results

In order for the HET to meet expected performance parameters, the anode mass flow rate
had to be increased by approximately 1 sccm of xenon. Although this was unexpected, it does not
indicate any damage sustained by the HET and may be explained by a mass flow rate calibration

error.

The Faraday probe was used to sweep the plume at four radial distances for four nominal
discharge voltages. The measured increase in voltage was used to establish a current density profile
of the plume. Using the current density profile from negative 45 degrees to 45 degrees from the
HET’s centerline the beam’s divergence, beam current, and discharge loss were calculated at each
operating condition and radial distance. Using this information, the overall optimal discharge
voltage for the operating conditions tested is between 225 and 250 volts, corresponding to a

discharge power range of 95 to 103 Watts.

The oscilloscope was used to observe fluctuations in discharge current while the HET was
operating in breathing mode and spoke mode. The frequency of the breathing oscillations
decreased when the mass flow rate to the HET was increased and the discharge current increased
when the discharge voltage decreased. There was also a larger frequency distribution associated

with discharge current oscillations while the HET was in spoke mode.

The high-speed camera was unable to detect any azimuthal bands of increased intensity
(spokes) while the HET was in spoke mode. At one Mfps and 500 kfps the camera was not sensitive
enough to adequately capture the effects of the HET’s breathing oscillations. The camera was
sensitive enough to detect breathing oscillations at 250 kfps during breathing mode operation, but

not while the HET was in spoke mode due to the decrease in discharge power. Breathing
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oscillations were observable at 125 kfps while the HET was in spoke mode. High-speed

phenomenon was not observable at lower frame rates.

5.2 Next Steps

The largest issue that needs to be resolved before the BHT-100-1 can be further evaluated
is the coolant leak inside of the chamber. Traverse operation is required to radially sweep the
plume with sensors and to translate sensors into the plume when needed. All leaks need to be found
and fixed before the traverse can be operated at vacuum pressure without causing potential damage

to the thruster and cathode.

The BPU-600 PPU should also be investigated further. HETs can be manually operated,
but the PPU provides a convenient interface for controlling, monitoring, and recording all
operating parameters, excluding mass flow rates. The reason the PPU stopped working is still

unclear.

Lastly, the E x B probe requires further attention. There are no visible defects inside the
probe’s external casing, but the probe is most likely damaged. Power supplies and electrical
connections to the probe were verified multiple times and the probe has not been used to collect
data for several years. There could be an issue with the permanent magnets, voltage plates, or there
may be erosion within the probe. Any type of obstruction within the collimator or drift tube would
also affect data collection and is a possibility based on how the probe was stored since its last

recorded use.

5.3 Future Work

Four operating conditions were used to characterize the HET’s plume properties. Although

this is a good start, the thruster can operate at a much wider variety of conditions not examined in
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this research. This research focused only on the effects of varying the discharge voltage on the
plume, but mass flow rates and magnet current can be varied as well. This means that the BHT -
100-1 has multiple operating conditions that result in a discharge power around 100 Watts.
Research was limited to the HET’s nominal operating range because this is where operation is
expected to be most efficient, but its high and low operating boundaries could be tested as well.
Comparing the plume’s properties at additional operating conditions and comparing the results to
data from the BHT-200 (accounting for decreased discharge power) could offer valuable insight

about how the modifications to the BHT-100-1 affect plume properties.

The BHT-100-I’s plume could also be measured with additional sensors such as an inverted
pendulum stand to measure thrust and specific impulse or a magnetic sensor to measure the Hall
current. These sensors are already at AFIT and have been used with the BHT-600. However, they
may not be sensitive enough for the BHT-100-I without modification because of the decrease in

thrust and magnetic field fluctuations as compared to the 600 Watt HET.

Ideally, the BHT-100-I could also be run at length to test the claims that the modifications
made extend the life of the HET. Due to the length and nature of the master’s program at AFIT,
this is not feasible. The vacuum chamber is needed for multiple experiments and it takes time for

students to familiarize themselves with HETs before testing could begin.

The BHT-100-1 could also be run at other non-optimal operating conditions where the
rotating spokes are expected to be observable. With a higher mass flow rate there may be enough
variation in arbitrary intensity for detection with the high-speed camera and 300 mm lens. A high-
speed camera and lens with a better resolution or a higher maximum frame rate (without decreasing
the number of pixels per frame) could also reveal more information about the rotating spokes and

how these relate to thruster operation. AFIT has a larger lens that would be more sensitive to
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photon emission in the visible spectrum, but the manual lens is not physically compatible with the
camera. The high-speed camera is only compatible with lenses that can be operated in manual and
auto-focusing modes. If an adapter ring were found, this lens could provide the resolution needed
to detect the rotating spokes on the BHT-100-1. Additionally, there are newer camera models that
have higher maximum frame rates. However, without increased resolution or the ability to observe

photons outside of the visible spectrum, the higher frame rate would not be beneficial.
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Appendix A — Thruster Operating Procedures

Preparation

10.

Secure all required sensors and mounts in chamber.

Only handle the cathode and thruster with protective gloves and store cathode and thruster in
a climate-controlled cabinet while not in use.

Visually inspect cathode and thruster for damage.

Mount cathode to thruster with aluminum mounting plate.

Mount thruster in chamber.

Connect all wires, ground thruster body, and verify electrical connections.

Connect propellant lines to cathode and thruster using new VCR seal fittings and ensure no
torque is applied to the cathode or thruster while attaching lines.

Secure both chamber doors.

Start pump down procedure and do not proceed until total vacuum chamber pressure is below
10° Torr as observed by ExTorr’s RGA Vacuum Plus software.

Purge propellant lines of residual air by turning on MKS four-channel read out and opening
flow controllers to anode and cathode as well as propellant regulator valve. Turn on channels
three and four and set to maximum flow. Wait until propellant lines are empty (approximately
30 minutes) and then close flow controllers and valves and turn off MKS four-channel read

out.

Condition Cathode

1.

2.

Apply 2 amps of current to cathode heater for a minimum of 90 minutes.

Increase cathode heater current to 4 amps for a minimum of 90 minutes.
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3. Increase cathode heater current to 6 amps for a maximum of 30 minutes. Cathode should begin

to glow hot shortly after increasing current to 6 amps.
Ignite Cathode

1. Begin propellant flow to cathode at 1 sccm (typically enough flow for a reliable ignition) and
ensure propellant increases on RGA.

2. Set cathode heater supply to 6.5 amps for a minimum of four minutes.

3. Set cathode keeper supply to 0.5 amps of current and 600 volts. Cathode has ignited when
keeper current is greater than 0.1 amps and within 3-6 minutes of total heating time.

4. If the cathode does not ignite, turn the keeper power supply off, wait ten minutes, and reattempt
step three. Increasing the mass flow rate and slowly increasing the heater current may help

ignite the cathode. Never exceed 8 amps of current to the heater.
Ignite Thruster

1. Begin propellant flow to thruster at 5 sccm and ensure propellant increases on RGA Vacuum
Plus software. Verify background pressure remains less than 10 Torr while operating.

2. Apply 1 amp of current to solenoid.

3. Apply discharge potential of 250 volts or similar to anode to ignite discharge. If the thruster
does not ignite, decrease the current to the solenoid until ignition occurs, and then slowly
increase it.

4. Immediately adjust discharge power supply and magnet power supply so discharge is in
voltage limit and current is near minimum. The discharge current is expected to be around 0.4
amps.

5. Turn off the cathode heater.
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6. Allow the thruster to stabilize for one hour (preferably longer) before testing to drive off
residual moisture in the boron nitride. This is not required for subsequent testing if vacuum has
not been broken. Ensure chamber pressure remains below 107° Torr during operation or thruster

damage may occur.
Secure Thruster

1. Turn off the power to the anode, magnet, and keeper (the heater should already be turned off).
2. Stop propellant flow to the anode and cathode and power off the MKS four-channel readout.
3. Close the propellant bottle valves and regulators into the chamber.

4. Wait for the thruster and cathode to completely cool (at least two hours but preferably until the
next day). Stop vacuum chamber pumping procedure and turn off the RGA Vacuum Plus
software.

5. Start Nitrogen flow into the chamber and release all latches on at least one of the doors.

6. Stop Nitrogen flow into the chamber when atmospheric pressure has been reached (usually
takes 2 hours).

7. Vent the chamber by opening both doors. Wait at least 15 minutes before entering chamber to
ensure an adequate amount of oxygen has made its way into the chamber.

8. Detach wires and propellant lines and place thruster and cathode back in climate-controlled

cabinet.
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Appendix B — Characterization Operating Procedures

Preparation

1.

Install the E x B probe and Faraday probe onto rotating stage such that the probe tips will be
level with the center of the thruster. Use of a laser is recommended for aligning the E x B
probe.

Home the translation stage to the (0,0,0) position.

Determine the location of the center of the thruster (CR and CZ) with respect to the absolute
coordinates of the stages at r = 0 and z = 0. Center of one of the channels can also be used as
the specified point of rotation if desired.

Determine the position of each of the probe tips with respect to the stage position (L, and a).
This is measured from the probe orifice to the theta axis of rotation and the angle is measured

from the z-axis to the location of the probe.

+r
Coordinate System: (r,z,8) . (50,0}
Center of Rotation: (CR, CZ) 1
Stage Position: {r;, z.)

Probe Tip Location: (r,, z,)

(rp 25)

{CR,CZ)

1

1

|

1

|

|
|
:

|
@ (-50,0)
-r

Figure 64. Beam Mapper Overview Diagram
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5. Complete a practice scan for each probe and ensure the probe points as intended throughout

the scan. The E x B probe is very sensitive to misalignment.

Beam Profiler

1. Turn on the MC 224 Trio Controller (controls the three stepper motors), Trio cooling system,
the Agilent 34970A multimeter (for probe measurements and flow meter), and the Keithley
6517A electrometer (for probe measurements and power supply biasing).

2. Open “AFITPROGRAM.vi” using Labview 7.1. Errors may occur if the program is opened

before step one has been completed.

AFIT 3 Axis Beam Profiling System

There is one main interlock when operating:

‘Water Cooling - The three stepper motors used on MAPPS are water cooled. There must be
water flowing through the cooling lines (measured by the flow meter) during operation or else
the system will not run.

Figure 65. AFITPROGRAM.vi Main Page User Interface
3. Select the radial scans program. This program performs scans of the beam in an arc and points
the probe towards the specified point of rotation. Current or voltage measurements may be
taken at each location in the scan.
4. Verify the desired file path for saving data and the desired meter for measurements (voltage or

current). The Faraday probe uses the Agilent 6038A power supply (labeled A6038 in program)
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and the E x B probe acquires data through the Keithley 6517A (labeled Keithley sweep). The

measurements will be saved in a text file with the date and a letter of the alphabet to indicate

when the data was taken.
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Select the Start button to enable the movement and measurement buttons to move the stages
or probes to their desired position. The stage must be homed at least once after the power to
the stages has been turned on before measurements can be taken.
6. Enter the four measured geometry values needed to take measurements. All values must be
entered in centimeters or degrees.
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Figure 66. Radial Scans User Interface

7. Set the desired radial scan angles and radial distance from the center of rotation (minimum,

maximum, and change).

8. Set the start, stop, and change in voltage values when a probe voltage sweep is desired.
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9. Push the Scan button to begin the beam scan. The stages should begin moving and the
measurements should appear on the charts. The LED next to the Scan button will illuminate
when the scan is complete. At this point, another scan may be started by pressing the Start

button.

10. The system must be rewired to switch between probes for data collection.

105



Appendix C — Anomalous Diffusion Operating Procedures

Preparation

1. Install the emissive probe onto the translation stage such that the probe tip is level with the
bottom of the thruster channel and less than three inches from the thruster face.
2. Open “RTZLinearScansEmissive.vi” This program controls the location of the emissive probe,

independent of the other two programs required to collect data.

Figure 67. Linear Scans Emissive User Interface

3. Home the translation stage to the (-50,0,0) position.
4. Determine the location of the translation stage needed to bring the emissive probe tip into the
vertical center of the thruster.

5. Return the translation stage to the (-50,0,0) position.
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6. Synchronize high-speed camera, emissive probe, and oscilloscope using equal length wiring
from the oscilloscope’s trigger signal output to the camera’s internal trigger input and emissive

circuit.

High-Speed Camera

1. Mount lens on camera and setup tripod system in center of chamber window. Ensure the
camera lens is supported.

2. Power on system and manually focus the camera on the HET channel.

3. Change operating parameters to external trigger mode with cooling and desired amount of gain,

exposure time, frame rate, and file type.

Emissive Probe

1. Verify the emissive probe filament is not broken by measuring resistance through BNC fittings
on aluminum housing and replace probe filament if necessary.
2. Open “2014AFITEmisUSB6002GENERATEDIGITAL.vi” using LabView. This program

controls the heating of the emissive filament, independent of the other two programs.
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Figure 68. Emissive Probe Generate Digital User Interface

Set the Fil I setting to level 0 to avoid prematurely burning out the probe’s filament.
Select either battery power or external DC power using the Circuit state R2 P0.1 toggle. Charge
the battery if required. If the DC supply is selected, the supply should be between 7.4-9 volts
and floating.
Open Labview PicoScope program to monitor the probe’s floating potential.
Increase the filament voltage by increasing the Fil | setting level until the filament glows white
hot and starts to emit electrons. 15-16 is the recommended level for 0.005” of tungsten wire
(~3.25 amps of current).

a. Increasing filament emission lets the probe float closer to plasma potential at the

expense of decreased life and increased risk of burnout.
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b. Filament life can be extended by reducing level to keep filament warm (slight glow) in

between data collection.

7. Activate the Connect Bias Relay 3 toggle to connect the filament to the bias BNC connector

on the circuit’s front panel to collect I-V traces.

Open “AFITEmissiveProbePicoScope5242BVerDsavedataRTZlinear.vi” using Labview. This

program measures oscilloscope and emissive probe readings once the trigger occurs and this

program operates independently of the other two programs.
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Figure 69. Emissive Probe and PicoScope User Interface

9. Set resolution to 14-bit

or 16-bit.
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10. Select measurement range to be larger than the observed signal. Select AC coupling to
eliminate the DC-offset of the signal and leave only the time-varying portion of the waveform.

11. Scale the probe to match the switch setting on the oscilloscope.

12. Input the desired number of data points to collect and save after the trigger occurs.

13. Set desired location where oscilloscope and emissive probe data should be saved.

Oscilloscope

1. Adjust the vertical position and scale as well as the horizontal position and scale. The
horizontal position determines the number of pre-trigger and post trigger samples. The
horizontal scale determines the size of the acquisition window relative to the waveform.

2. Setthe trigger level to the midpoint of the waveform. This may be done manually or by pushing
the “Set to 50%” button.

3. Select the trigger type as edge with increasing slope to set the trigger on a rising edge.

4. Push single to take a single acquisition. Run/Stop should not be used because the oscilloscope
will enter trigger mode almost as soon as the data from the last trigger was collected. The
emissive probe will be able to take time synchronous data with the oscilloscope using this
method, but the high-speed camera will not. This is because the camera requires time between

each data collection to offload the data from the camera to the computer.
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