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ABSTRACT

The BHT-1000 high specific impulse Hall thruster was used for performance testing and
internal plasma measurements to support the ongoing devel opment of computational mod-
els. The thruster was performance tested in both single and two stage anode configura-
tions. In the single stage configuration, the specific impulse exceeded 3000s at a
discharge voltage of 1000V while maintaining athrust efficiency of 50 percent. Two stage
operation produced higher thrust, specific impulse and thrust efficiency than the single
stage configuration at most discharge voltages. The thruster therma warmup was charac-
terized using a thermocouple embedded in the outer exit ring, and the magnetic field
topology was investigated using a Gaussmeter. The single stage thruster configuration
was outfitted with a series of axially distributed Langmuir probes to determine plasma
properties inside the discharge channel. Probe data were taken at discharge voltages
between 300-900V. Axia profiles of electron temperature, electron density, and plasma
potential were measured and compared to results of a previously developed two dimen-
sional particle-in-cell smulation of the BHT-1000 thruster. The experimenta data
matched the simulation results well, particularly in profiles of electron temperature and
plasma potential at low discharge voltages. The peak electron temperature was shown to
depend on discharge voltage through a power law relationship in both the experimental
and simulated data. The greatest discrepancies between experimental data and simulation
results were found to be in comparisons of electron density, where it appears that the sim-
ulation may be "smearing" the plasma over too wide of an axial region. Hypotheses for
this behavior were discussed along with recommendations for future work.

Thesis Supervisor: Manuel Martinez-Sanchez
Title: Professor of Aeronautics and Astronautics
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Chapter 1

INTRODUCTION

1.1 Space Propulsion

Propulsion systems are an integral part of every spacecraft. They are necessary for deliv-
ery of the payload to its mission location, and for maintaining proper orbital location
under the perturbing forces of the Sun and planets. Space propulsion generally includes
both the launch vehicle used for leaving the Earth’s surface, as well as any onboard pro-
pulsion used for orbit insertion and stationkeeping. Without reliable and efficient propul-

sion systems, exploration of the solar system and space beyond is not possible.

Space propulsion technologies can be divided into two general types. chemical and elec-
tric. Chemical propulsion relies on energy stored within the chemical bonds between
atoms or molecules of the propellant. This energy is generally extracted through a com-
bustion or reaction process, where the liberated excess energy produces a high pressure
exhaust. This exhaust is expelled through a nozzle to create thrust for the satellite or
spacecraft. Chemical thrusters can be bipropellant, where the mixing of two reactants
starts the reaction and energy liberation process. Smaller chemical thrusters tend to be
monopropel lant and often have no chemical reaction involved, just utilizing stored energy
in the form of tank pressure. These thrusters are typically referred to as "cold gas thrust-
ers." Solid rocket motors are another type of chemical thruster where a solid propellant is
burned, producing a high pressure exhaust. Chemical thrusters typically have specific

impulses on the order of several hundred seconds. The most efficient chemical engine

19
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built to date is the Space Shuttle Main Engine (SSME), which has a specific impulse of

465s in vacuum.

In contrast, electric thrusters can operate at much higher specific impulses than chemical
thrusters. They rely on an external power supply to provide input power that is utilized in
avariety of different ways, depending on the type of thruster. Electric thrusters typically
come in three types. electrothermal, electrostatic and electromagnetic. Electrothermal
thrusters operate in asimilar fashion as chemical thrusters, except a heater is used to addi-
tionally increase the temperature of the propellant, thereby increasing the efficiency of the
thruster. Electrostatic thrusterstypically use a plasmadischarge (Ion and Hall thrusters) or
some sort of liquid propellant that can be easily ionized (Colloids, FEEPSs). Thrust is pro-
duced by accelerating ions through electric fields. The specific impulse of electrostatic
thrustersis only limited by the input power used to accelerate theions. As more power is
provided, the ions can be accelerated to greater velocities and specific impulse is
increased. This theoreticaly has no upper limit (except the speed of light). Electromag-
netic thrusters utilize both electric and magnetic fields to accelerate charged particles and
produce thrust. These thrusters typically operate with a plasma discharge (MPD thrust-
ers). Electromagnetic thrusters can produce relatively high thrust for an electric propul-

sion device, but their specific impulses are more limited than electrostatic thrusters.

These two main divisions in space propulsion technology represent two different opera-
tional purposes. Chemical propulsion istypically used for high-thrust maneuvers and has
low fuel efficiency compared to electric propulsion. Launch vehicles use chemical pro-
pulsion systems because they produce the high thrust necessary for Earth escape. Electric
propulsion is aimed more at low-thrust missions such as stationkeeping and orbit transfers
where time to transfer is not the highest priority. Many forms of electric propulsion
require alow density vacuum environment to operate and are thus precluded from launch
vehicle use, where operations typically begin near sealevel. The benefit of electric pro-
pulsionisseeninitsfuel efficiency, which is often several times that of chemical rockets.

As the onboard availability of power increases for spacecraft in the future, likely through
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nuclear power technologies, higher power electric propulsion will become possible and
the large gap in thrust between electric and chemical propulsion technologies will begin to

close.

1.2 Hall Thrusters

Currently available Hall thrusters have specific impulses in a broad range of approxi-
mately 1500-3000s. The specific impulse range of Hall thrusters has recently been identi-
fied by NASA as very appealing for both stationkeeping and orbital transfer missions to
the near planets [13]. Hall thrusters can be scaled to various sizes and powers relatively
easily, with thrusters ranging from as small as 50W to over 10kW. Hall thrusters are also
capable of throttling, changing their thrust and specific impulse by varying parameters
such as discharge voltage and flow rate. This capability makes them ideal for missions
where different types of maneuvers require different levels of thrust and efficiency. For
example, in a mission to Mars there will be a long period of low thrust during transfer
from geocentric orbit to areocentric orbit where fuel economy is most important. As a
spacecraft approaches Mars, a relatively rapid deceleration may be necessary for Mars
capture, and a high thrust, low specific impulse maneuver may be desired. A single Hall

thruster might be able to perform both types of maneuversin asingle mission.

1.2.1 Description

Hall thrusters are plasma accel eration devices that utilize both electric and magnetic fields
to produce thrust. The thruster geometry consists of an axis-symmetric, annular discharge
chamber with an interior metallic anode and an externally mounted cathode. Propellant is
injected at the anode and enters the discharge chamber at low velocity. An axial electric
field is established between the positively charged anode at the back of the thruster and the
negatively charged electron cloud produced outside the discharge channel by the cathode.
A radial magnetic field is created by either permanent magnets or electromagnets placed

around the annular channel and along the thruster centerline. Thisradial magnetic field is
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Figurel.1 Diagram showing the Hall thruster geometry in cross
section. The electric field is axial and the magnetic field
isradial in direction.

one of the distinguishing features of Hall thrusters. A diagram of a Hall thruster is pre-
sented in Figure 1.1.

The magnetic field is strong enough to reduce the electron Larmor radius to a small value
in comparison to the width of the discharge channel. Thus, the electrons are effectively
trapped in azimuthal drifts around the annular channel as they slowly diffuse across the
magnetic field towards the anode. The azimuthal drift current of electrons is called the
Hall current. These trapped el ectrons serve several purposes. First, they promote ioniza-
tion through collisions. An electron-neutral or electron-ion collision produces a heavy ion
and an additional electron. Theion is accelerated out of the thruster by the axial electric
field, producing electrostatic thrust. The new electrons produced in ionization are trapped
by the magnetic field and promote further ionization. Secondly, the trapped electrons
transmit thrust to the thruster body through a magnetic pressure force exerted on the elec-
tromagnets. As the electrons are electrostatically drawn towards the anode and gain
velocity, they are quickly deflected and accelerated azimuthally by the strong magnetic

field. The electrons transfer their axial momentum to the magnets of the thruster through
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Figure1.2 Schematic of a Hall thruster showing the significant mechanisms for ioniza-
tion, electron trapping and thrust production. The azimuthal current of trapped
electronsisreferred to as the Hall current.
the magnetic field, creating a magnetic pressure force. The electron trapping mechanism,
electron-neutral ionization and electrostatic acceleration of ions are al illustrated in
Figure 1.2. 1t should be noted that the Hall thruster is still considered to be an electrostatic
thruster because thrust is produced electrostatically through the acceleration of ions. The
magnetic field is used only to confine electrons and transmit electrostatic thrust via the
magnetic field. It is not used to accelerate charged particles as in an electromagnetic
thruster.

Electrons originating at the cathode are also used for ion neutralization. The heavy ions
gjected by the thruster can have hazardous charging and sputtering effects on a spacecraft

or satellite. The damage can be reduced if theions are effectively neutralized downstream
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by cathode electrons. Furthermore, the cathode electrons help to maintain the axial elec-

tric field between the cathode and the internal anode.

The most common propellant used in Hall thrusters is xenon gas. Other propellants
include argon, krypton and mixtures of air resembling the upper level Earth atmosphere.
The main feature of a gas such as xenon isits high atomic weight. Xenon ions are unaf-
fected by the thruster’s magnetic field because of their large inertia, unlike the electrons
which are easily trapped in Larmor gyrations. The heavy ions are efficiently accelerated
out of the thruster with little deflection caused by the magnetic field. If theionswere sig-
nificantly lighter, their curved exit trajectories would represent losses in thruster efficiency
due to poor thrust vectoring. Furthermore, there is an inverse correlation between atomic
mass and the cross section for ionization, so the ionization losses tend to be higher with

lighter weight propellants.

1.2.2 Advantages

Hall thrusters have several advantages over other propulsion systems that make them
attractive options for integration with spacecraft. Their high specific impulse allows for
either significant weight savings in propellant or a dramatic increase in satellite lifetime.
In contrast to functionally similar ion engines that require precise alignment and careful
production of delicate acceleration grids, Hall thrusters are easy to build and assemble
because of their smple annular geometry and use of commonly available materials. The
operation of a Hall thruster is relatively simple compared to other propulsion systems, as
there are no moving parts besides propellant valves. Advancements in Hall thruster life-
time are being made continually, with thrusters currently operating for more than 7000
hours before failure [18].

1.2.3 Issues

Despite their numerous advantages, several operational problems with Hall thrusters

remain. The main factor limiting lifetime of Hall thrustersis erosion of the inner channel
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Figure 1.3 The plume of an electric prop.lJI‘siLJﬁ system such as a Hall thruster can have damaging
effects on spacecraft surfaces.
walls. Impingement from high velocity ions can sputter material from the channel walls,
changing the wall geometry over time. Excessive electron heating can cause severe ther-
mal stress and cracking of ceramic materials. Overheating can also affect magnet perfor-
mance. Another important issue for spacecraft designers is the effect of the charged
plume emanating from the thruster exit (see Figure 1.3). Spacecraft charging from back-
streaming electrons and slow moving charge-exchange ions can be very damaging to deli-
cate spacecraft surfaces such as solar arrays and communications antennas. Deposited
layers of thruster exhaust material can form on various spacecraft surfaces, altering their
thermal properties. Careful placement of the propulsion system is therefore required, and
good modeling of the thruster’s plume can provide important information for making

these decisions.
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1.3 Overview of Research

1.3.1 Previous Research

Research in Hall thrusters has been active for over forty years, beginning with their inven-
tion by the Soviet scientist A. I. Morozov in the early 1960’s. Since their invention, over
fifty Hall thrusters have flown on Russian satellites and research has flourished. Numer-
ous analytical and computational models have been developed and experimental research
has been plentiful. This brief review will focus on the most recent efforts of experimental

research that closely relate to the research presented in this thesis.

Electrostatic internal probing of Hall thrusters has been performed by various researchers
on avariety of different thrustersin recent years. At the University of Michigan’'s Plasma-
dynamics and Electric Propulsion Laboratory (PEPL ), experimental research has been car-
ried out on the P5 laboratory model thruster. Hass and Gallimore [1, 25] have used the
High-Speed Axia Reciprocating Probe (HARP), a fast moving probe system that trans-
lates in and out of the internal discharge rapidly in order to ensure survival of the probe
and minimize plasma disturbances. They have made axial profiles as well as radial-axia
contour maps of plasma parameters in the discharge and the near exit region using both
Langmuir and emissive probes mounted on the HARP system. Researchers at the Prince-
ton Plasma Physics Laboratory (PPPL) have also performed experiments using both sta-
tionary and moving Langmuir probes, including characterization of plasma disturbances
produced by these probes [2]. The research at Princeton was performed on a nine centi-
meter diameter Hall thruster built at the PPPL. Movable Langmuir probes have also been

used in Isragl to investigate axial profiles of plasma parametersin Hall thrusters[3].

There have been several experiments performed that closely resemble the Langmuir probe
experiments presented in this thesis. They include work in Russia on a SPT-100 Hall
thruster by Kim [4] and aso on a SPT-50 in France by Guerrini [5]. A series of stationary,
wall mounted Langmuir probes were placed inside the discharge channel in both experi-

ments, and axia profiles of plasma parameters were determined at various operating con-
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ditions. The experiment in France also used a movable probe in addition to the stationary

probes.

The measurement of plasma parameters inside Hall thrusters is an important part of cur-
rent experimental research. These types of measurements allow for comparison of differ-
ent types of interna thruster geometries, as well as providing the physical insight
necessary to construct accurate models of Hall thrusters. The data can also be used for
verification of numerical and analytical models of the discharge physics. Asthe research
progresses, the quality of models and physical understanding of Hall thrusters continually

improves.

1.3.2 Motivation and Objectives

As research on Hall thrusters improves understanding of their underlying physics, design
changes are proposed to increase performance and efficiency. Engineers typically make
design changes on paper before manufacturing new parts, and then rebuild a thruster
before performing atest of the new configuration under vacuum. The process of making
design changes and testing under vacuum is both costly and time consuming. If numerical
models were accurate enough to simulate the effects of design changes on thruster perfor-

mance, design modifications could be "tested”" without ever having to make a part.

A two dimensional, particlein cell (PIC) model originaly developed at MIT by Szabo [6]
is currently being used at the Busek Company as an aid in the design process. Design
changes are implemented first in the code and further refined before new configurations
are built and tested under vacuum. The original model is aso currently being adapted to
model the Michigan P5 thruster by Sullivan [7] at MIT. Asthe accuracy and reliability of
PIC models continue to improve, they will play alarger role in the design process. How-
ever, alarge part of developing any computational model is the verification of the model
through comparison to experimental data. The main objective of this thesisis to provide
accurate data for comparison with and verification of the PIC model used at the Busek Co.

The secondary objectives are to increase the overall physical understanding of the internal
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discharge characteristics of Hall thrusters and to provide data that can be scaled for com-

parison with models devel oped for other Hall thrusters.

1.3.3 Summary of Research

This thesis presents data collected and analyzed from June 2001 through June 2003. All
testing was completed at the Busek Co. in Natick, MA using the Busek built BHT-1000
Hall thruster described in Chapter 2. Thruster performance data and results of some char-
acterization experiments are also presented in the second chapter. Chapter 3 describes
experiments performed using two different sets of axially distributed Langmuir probes.
Plasma parameters were determined at various places inside the thruster to provide axial
distributions of electron temperature, electron density and plasma potential for severa dif-
ferent discharge voltages. Though most were internal probes, a few probes were also
placed just downstream of the exit plane. In Chapter 4, the experimental datais compared
to the predictions of the two dimensional PIC code. Chapter 5 contains concluding

remarks and suggestions for future work.



Chapter 2

THE BHT-1000 HALL THRUSTER

The Busek built BHT-1000 Hall thruster was used for this research. Itisanominally one
kilowatt thruster with a 68mm middle diameter discharge cavity. The thruster was origi-
nally developed at Busek under a Small Business Innovation Research (SBIR) program
for high specific impulse operation, and its performance has been previously documented
[8]. However, the thruster performance was retested for this research using an upgraded
thrust stand and larger vacuum facility. The BHT-1000 can operate in both one and two
stage configurations. Performance data were obtained in both configurations, while probe
data were taken only in the single stage configuration. All testing was performed using

xenon propellant.

2.1 Thruster Description

The laboratory model of the BHT-1000 measures 14.1x14.1x7.5cm and has a mass of
5.9kg, including the mass of the cathode and a small operating stand. The thruster is pic-
tured without the external cathode and stand in Figure 2.1. There are four magnet coils
around the outside of the thruster and one additional coil placed inside the center stem.
The BHT-1000 was originally designed using scaling techniques to meet a performance
objective of 3000s of specific impulse at 2300W input power while maintaining 100mN of
thrust. Although the thruster has yet to meet thisgoal, it has been able to meet the specific

impulse and power goals while maintaining 88mN of thrust [8]. The design has been pat-

29
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Figure2.1 The Busek built BHT-1000 Hall thruster.

ented by Busek and has many distinguishing characteristics. Theinternal discharge cham-
ber employs several important technologica advancements that contribute to the thruster’s

high performance and also facilitate two-stage operation.

A diagram of the internal discharge chamber is presented in Figure2.2. The design
includes a two piece anode consisting of a wedge shaped annular piece inside an annular
channel shaped piece. The inner piece functions as the propellant distributor. Xenon gas
enters the thruster through a main line and is distributed by the wedge shaped anode piece
through a set of large radial holes. The inlet holes are designed such that the propellant
enters the discharge chamber with zero axial momentum. This promotes a long residence
time for ionization and increases propellant utilization. The outer anode piece, usually
referred to as the anode housing, has arelatively large volume that acts as a propellant res-

ervoir to aid in propellent distribution and improve flow uniformity.

This composite anode allows the two separate pieces to be biased individually for two-
stage operation. The inner anode is usually operated at the higher potential relative to the
cathode, while the anode housing operates at an intermediate potential. The aim of two-
stage operation isto physically separate the ionization and acceleration processes. 1oniza-

tion is meant to occur in the upstream region between the highest and intermediate poten-



Thruster Description 31

INNER BASIC SINGLE
ANODE STAGE DESIGN
T %:% DIELECTRIC
EXIT RINGS
1DUTER ANODE S

(HOUSING>

—¢

PROP455V

Figure 2.2 Diagram of the of BHT-1000 in cross-section.

tial, where the greatest density of propellant neutrals exists. |on acceleration occurs closer
to the thruster exit plane, between the intermediate electrode and the external cathode.
Thisregion iswhere the radial magnetic field is strongest, the neutral density islowest and
the electron density is large due to magnetic field trapping. If the ionization and accelera-
tion mechanisms can be successfully decoupled, they can be independently controlled,
leading to higher thruster efficiencies. The two-stage idea has been around since the

1970s, however it hasyet to live up to its potential .

The magnetic materials pictured in Figure 2.2 (north and south magnetic poles) are made
of Hiperco 50A alloy. This soft magnetic alloy is made mostly from iron, cobalt and vana-
dium. It has a higher saturation field, permeability and Curie point than magnetic iron,
allowing for weight savings and a stronger radial magnetic field. The anode housing can
also be made of a magnetic material and act as a magnetic shunt to help shape the mag-
netic field profile. The main effect of the shunt is to increase the axia gradient of the

radial magnetic field and shift the maximum magnetic field magnitude further down-
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stream. This shaping of the magnetic field helps minimize ion loss to the walls and has
been shown previoudly to increase thruster performance over those with non-magnetic
anode housings. By minimizing ion impacts of the dielectric walls, erosion islimited and
ions are not wasted from a thrust vantage point, thereby increasing performance and life-
time of the BHT-1000 thruster.

The discharge chamber walls near the exit plane (exit rings) are made of a dielectric mate-
rial, similar to the Russian Stationary Plasma Thruster (SPT) design. In SPT thrusters,
these dielectric walls extend to the back of the thruster; however in the BHT-1000, the
insulating wall material is concentrated near the exit plane where erosion is typically
strongest. The dielectric used in the BHT-1000 is boron nitride, and both exit rings are
built with a chamfer cut into them to preemptively account for a majority of the erosion
found in SPT thrusters. The dielectric walls in SPT thrusters typically do not originally
have chamfers, but erosion has been found to remove end material in previous testing at
Busek. By removing this material beforehand, performance is more consistent over the
life of the thruster.

The externa cathode used with the BHT-1000 is the HCN-252 Hollow Cathode Neutral-
izer made by lon Tech, Inc (pictured in Figure 2.3). Itisahollow thermionic emitter made
from a material with a low work function. The exact material is not made clear by the
manufacturer, but it is likely to be a material such as tungsten or tantalum, impregnated
with barium oxide. This combination of materials emits electrons easily upon heating and
by applying an electric field. The cathode flow rate is typically ten percent or less of the
anode flow rate. The cathode steady state power consumption is low, generally on the
order of 0-30W. Once the cathode is running and the thruster is started, the cathode power
can be turned off and electron emission will continue unassisted. If the thruster is shut
down or the plasma discharge goes out for any reason, the cathode discharge usually
extinguishesaswell. It istherefore advantageous to run a small amount of power through
the cathode keeper so that the startup process need not be repeated in the event of atempo-

rary thruster burnout.
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Figure2.3 The HCN-252 Hollow Cathode Neutralizer built
by lon Tech, Inc. is used with the BHT-1000.

2.2 Test Facilities

All testing was performed in Busek’s T8 vacuum tank at their facility in Natick, Massa-
chusetts (see Figure 2.4). Thetank is made of stainless steel and measures 5m in length by
24m in diameter. The T8 uses a mechanical roughing pump, a blower, three two stage
cryogenic pumps and five single stage cryogenic pumps capable of evacuating 180,000 I/s
of xenon. The pressure inside the tank is typically close to 1x10°® Torr before turning on
the thruster propellant flow. During thruster firing, the pressure is aways held below
1x107 Torr and usually operates near 6x10°® Torr, depending on the propellant flow rate.
There are thruster level viewing ports on both sides of the tank in the test section aswell as
two eye level viewing ports at the target end of the tank. The tank has a liquid nitrogen
cooled target as well as aliquid nitrogen cooled shroud around the top part of the testing
section.

The thrust stand used in the performance testing is of the inverted pendulum type origi-
nally developed at the NASA Lewis Research Center. The construction and calibration of
the thrust stand are similar to those previously documented [11, 12]. The thrust stand uses
a Schaevitz 050 HR Linear Variable Differential Transformer (LVDT) that measures dis-
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Figure2.4 TheBusek T8 vacuum test facility.

placement and produces an output voltage proportional to the thrust. The signal is read
into a computer data acquisition (DAQ) card so that the thrust signal can be filtered and
monitored using LabView software. The thrust stand iswater cooled and can be calibrated
in situ. Inclination of the thrust stand is read with an inclinometer and actively controlled

with aleveling motor.

2.3 Thruster Operation

The general operating procedures for the BHT-1000 will be briefly reviewed here. Once
the tank has been pumped down to the low 10°® Torr level and the thrust stand has been
calibrated, the propellant flow can beinitiated. The cathode flow is started first at ten per-
cent of the desired anode flow rate, generally in the range of 0.25-0.3 mg/s of xenon.
After the cathode flow has been opened, there should be an allowance of 15-30 minutes
for the cathode line to fill with propellant. Then, the cathode heater current should be
turned on initially to 2A. The cathode element should be gradually heated by increasing
the heater current by 2A every 10-15 minutes. The cathode heater current should not
exceed 8A if possible. Once the cathode has been heated, the keeper voltage should be set
at 300V to start the cathode discharge. If the cathode has trouble starting, higher voltage
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can be gradually applied. Once the cathode starts, the heater current can be turned off, as
the cathode will be self heating during operation. The keeper voltage can then be reduced
to approximately 50V.

After the cathode has been properly started, anode flow can be initiated. The nominal
anode flow rate isin the range of 2.5-3 mg/s of xenon. The discharge voltage can then be
applied, starting at 300V. The thruster will start at lower voltages, but 300V has proven to
be a good nominal starting condition. The anode current is typically very close to 2A at
this condition, depending on the flow rate. A 40uF capacitor is usually used in the dis-
charge circuit to minimize current oscillations. Once the thruster is started, the magnet
currents controlling the electromagnets around the thruster can be increased. The inner
and outer magnet currents are adjusted so as to minimize the discharge current, which will

generally maximize thruster efficiency.

Initially after igniting the discharge, the plume is usually very fuzzy and expansive. A
small, blueinner core jet can be seen, surrounded by a pink, spherical mass of background
plasma, similar in color to the cathode plasma. Sometime during the first 30 minutes of
warmup, the thruster will usually undergo a very sudden change into what is known as a
"jet mode" plume configuration where the inner core jet is much larger and longer and the
surrounding background plasmais significantly reduced. The thruster tends to run better
in this warmed up state, with smaller discharge current oscillations and higher thrust. Itis
hypothesized that this transition could be due to an initial outgassing of the thruster sur-
faces, particularly the dielectric walls which can absorb moisture when not kept under
vacuum. This phenomenon has been observed in previous research as well [9, 10]. The
startup behavior with the pink, background plasmais more easily seen with the naked eye
than in photographs. An attempt at a photographic comparison to the steady state jet mode
is made in Figure 2.5. Note that the top photo has Langmuir probes mounted to the
thruster, while the bottom photo does not. The pictures were taken during separate test fir-

ings of the thruster.
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Figure2.5 Comparing the initia thruster startup behavior to the
steady state behavior. In the top photo, the thruster is
seen with a pink, expanded plume and awide jet. Inthe
bottom photo, the warmed up thruster has a narrow spike
and the plume is almost entirely blue in color.

2.4 Thruster Characterization

Additional testing was performed to characterize the thruster in conjunction with the per-
formance testing. First, the magnetic field of the thruster was roughly mapped while the

thruster was not firing, but the magnets were turned on. Secondly, a thermocouple was
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buried within the outer boron nitride exit ring to determine the temperature during opera-

tion. These tests are described in more detail below, along with their results.

2.4.1 Magnetic Field Testing

The magnetic field test was performed for several important reasons. The inner magnet
coil can get very hot due to the high thermal loads within the thruster during operation,
and this can short the magnet wire if the insulation is damaged. By testing the magnetic
field, the magnet operation could be verified. Additionaly, the PIC model being used at
Busek uses a magnetic field solved for by the Maxwell finite element software package.
The results of the PIC code depend on the magnetic field used to model the thruster, so it
needed to be verified experimentally. An axial-radial map of the magnetic field was made
for comparison with the results of the Maxwell software. Furthermore, the Langmuir
probes described in Chapter 3 are placed in an important part of the discharge channel. In
order to verify that they were not disrupting the magnetic field, the azimuthal variation of
the radial magnetic field around the channel was also tested.

Magnetic Field Test Setup

To make a two dimensiona axial-radial map of the near probe region of the magnetic
field, the thruster was placed on a trandation table. A Gaussmeter probe was placed in a
stationary position using a mechanical arm (see Figure 2.6). The trandation table moved
the thruster to different positions as the Gaussmeter data were recorded. Maps of the
radial component of the field and the axial component were made separately because mea-
suring each component required a different probe. The axial-radial field was mapped at
two different magnet settings. The testing was performed with |;,,e,=2A and | ;o =4A as
well astwice that setting, lj,,e=4A and | ,;=8A. Datawere taken at eight different axial
positions, beginning at the tip of the anode and extending downstream. Eleven different
radial positions were used in total. Due to the thickness of the probes in relation to the

channel width, only three radial positions could be taken inside the main channel.
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Trandation Table Thruster Gaussmeter Probe

Figure2.6 Sideview of the axial-radial magnetic field test setup.

In order to test the azimuthal variation of the radial magnetic field around the annular dis-
charge channel, a special mounting apparatus was built to hold the Gaussmeter probe. The
probe could be placed inside the apparatus at three different axial positions and rotated
around the channel while maintaining radial orientation. This mounting apparatus was
affixed to the thruster during the testing, while the probe was rotated to take measurements
every ten degrees around the discharge channel. The setup is pictured in Figure 2.7.

Magnetic Field Test Results

The data taken for the axial-radial map of the magnetic field were used to make contour
plots of the field. The contour plots could were then compared side by side with the mag-
netic field computed by the Maxwell software package. Figure 2.8 shows that the experi-
mental results match well with the Maxwell predictions. The data in these contour plots
show the magnitude of the magnetic field in units of Gauss. The data shown in Figure 2.8
were taken with I;,,=4A and |, ,,=8A. The contour map made with the experimental

data lacks data points near the thruster walls, and therefore discrepancies in magnitude
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Figure2.7 Setup to test the azimutha variation of the radial mag-
netic field. A special apparatus was built to hold the
Gaussmeter probe perfectly radial every 10 degrees
around the discharge channel.
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Figure2.8 Comparison of the axial-radial contour maps of the magnetic
field determined experimentally and using the Maxwell simula-
tion. Position units are in (cm) and the magnetic field isin (G).
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occur there. However, the magnitudes of the maximum field match well as do the overall

magnitude profiles down the discharge channel.

The experimental data taken along an axial line at three different radial positions were
compared to the simulation field along the same axial lines. Thethree radial positions cor-
respond to those tested experimentally inside the main discharge channel. These radial
positions are 32.3mm, 34.9mm, and 37.4mm measured from the thruster centerline. In
Figure 2.9, the magnitude of the magnetic field measured aong each of those linesis com-
pared with that predicted by the ssimulation. The axial position is measured from the tip of
the inner anode, and increases downstream. The data shown in Figure 2.9 were taken with
linner=4A and |,;=8A. Again, the agreement between experiment and simulation is
good, showing that the magnetic field computed by the Maxwell software and used in the
PIC simulations of the BHT-1000 is valid.

The azimuthal variation of the magnetic field was shown to be less than one percent for
the three axial positions tested. In Figure 2.10, axial position one is furthest upstream,
while position three is furthest downstream. All three positions tested were in the near
exit plane region, and these data are from the testing done at I;,,,o=4A and | ,;=8A. The
Langmuir probes discussed in Chapter 3 were located at 90 degrees. Because the mea-
sured radial magnetic field varied by lessthan one percent, it can be assumed that the pres-

ence of the probes did not significantly affect the magnetic field.

2.4.2 Thermocouple M easurements

When the BHT-1000 is operated at high power or at very high voltages (1000V and
higher), the exit rings can overheat. This overheating may extinguish the discharge and
potentially damage the thruster. Therefore, knowing the exit ring temperature isimportant

for materia selection and operation of the thruster.
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Figure 2.9

Axial Profile of Magnetic Field Magnitude at R = 37.4mm
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Comparing axial profiles of the magnetic field at three different radii.
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Azimuthal Variation of the Radial Magnetic Field
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Figure2.10 Plot of the radia magnetic field taken at three different axial depths and
every ten degrees azimuthally around the channel. Position 1 is furthest
upstream and position 3 is furthest downstream. Azimuthal variation was
shown to be less than one percent.

Thermocouple Test Setup

To measure the exit ring temperature, a type K thermocouple was embedded in the outer
exit ring. The thermocouple is run through a piece of dual-holed alumina tubing that is
inserted from behind into a blind hole in the exit ring (see Figure 2.11). The tip of the
thermocouple is located approximately 0.25in (0.64cm) radially outward from the ring
surface adjacent to the primary discharge. Temperature was monitored and recorded dur-

ing performance testing.

Thermocouple Test Results

The temperature of the outer exit ring was monitored in two separate ways. The first
method was as the thruster warmed up from an off and cold state. This type of test was
performed at flow rates of 2.0 mg/s and 2.5 mg/s of xenon, while the discharge voltage
was held constant at 300V. The temperature of the exit rings increased steadily during the
first hour or more of thruster operation (see Figure 2.12), and after two hours it began to

level off and approach an equilibrium state.
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Figure2.11 Cross section of outer exit ring with
thermocouple embedded inside.
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Figure 2.12 Measured temperature of the outer exit ring versus time the thruster has
been running. Two sets of data were taken at on different days starting
from acold thruster.
The second type of test performed was to determine the maximum operating temperature
of the exit ring at various discharge voltages. Figure 2.13 illustrates that the maximum
temperature increases significantly with thruster discharge voltage. The maximum tem-
perature measured at each voltage was a near steady-state value. Some voltages have sev-

eral data points because the magnet currents were adjusted during testing and several data
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Maximum Exit Ring Temperature at Various Discharge Voltages for 2.0 mg/s
500 T T T T T T T T

450 - -

400

v

350

300 * i

Temperature (°C)
N
a
o
T

150 - B

100 - B

50 - B

O 1 1 1 1 1 1 1 1 1
200 250 300 350 400 450 500 550 600 650 700
Discharge Voltage (V)

Figure 2.13 Measured temperature of the outer exit ring versus discharge voltage at an
anode flow rate of 2.0 mg/s.
points were recorded. The thermocouple readout used during the testing was limited to
400°C, a point which was reached at a discharge voltage of 600V. It was also observed
that when the discharge power was held constant, the exit rings overheated more easily at

high voltage.

2.5 Performance Testing

Performance testing is an important component of both thruster design and modification.
Baseline performance characteristics must be known in order to make comparisons to
other thrusters and also for testing proposed thruster improvements. The BHT-1000 has
been performance tested previously, and these data have already been published elsewhere
[8]. The previous data were taken in a different, smaller vacuum facility at Busek. The
larger test facility used for this new set of performance data is better suited for high and
moderate power thrusters such as the BHT-1000. Minor thruster modifications and
improvements to the test facilities have been made since these previous data were taken.

Noisein the LVDT output has been reduced by using more appropriate thrust stand flex-
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ures for the size of the thruster being tested and by filtering the output in the LabView
software. Furthermore, calibration of the thrust stand has been improved by better incor-
porating the effects of thrust stand inclination and thermal drift.

2.5.1 Single Stage Testing

When the BHT-1000 is run as a single stage thruster, a single discharge power supply is
connected between the anode and cathode. The cathode is allowed to float, and usually
hovers between 15-20V below the facility ground. The electrical setup for the single stage
configuration is pictured in Figure 2.14. Additional power supplies are required to heat
the cathode, provide a potential for the cathode keeper, and run both the inner and outer
electromagnets. The discharge can start at a potential difference as low as 50V, but the
thruster is generally warmed up at a nominal operating voltage of 300V. After the dis-
charge has been established at a particular operating voltage, the magnet currents are

tuned to minimize the discharge current, which generally optimizes the thruster efficiency.
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Figure 2.14 Electrica diagram for single stage
testing of the BHT-1000.
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The single stage testing was performed at four different xenon flow rates and voltages
ranging from 300-1000V. The anode flow rates tested were 3.0, 2.5, 2.0 and 1.5 mg/s.
The cathode flow rate was kept at ten percent of the anode flow rate. Data presented for
thrust and discharge power are in raw form. Several data points appear at some voltages
because the testing was done in overlapping sets, with some data points being repeated.
Several measurements were also taken while tuning the magnet currents, which affects the
discharge current and thrust. It is often advantageous to keep these data points separate in
order to observe trends evolving over the test period; therefore, the points are not aver-
aged. In Figure 2.15, it can be seen that the thrust increases with both discharge voltage
and propellant flow rate. Higher voltages increase the propellant exhaust velocity because
greater energy is imparted to the ions through the stronger electric field. In theory, thrust

islinearly proportional to the exhaust velocity,

T = (mpo), (2.1)

and the exhaust velocity depends on the voltage through,

_ /Zqiq’d

Thus, the thrust should increase with the square root of the discharge voltage. In the sin-
gle stage performance data, the thrust does appear to level off at the higher voltagesin a
square root fashion, but only for the lowest two flow rates tested. The thrust measured at
the higher flow rates seems to increase with discharge voltage in a near linear fashion.
Higher flow rate increases thrust because more neutrals are available for ionization and
acceleration. Hall thrusterstend to operate at high ionization fractions (nearly all neutrals
are ionized), as evident in measurements of beam current. Plume research has shown that
the measured beam current istypically near or greater than the discharge current, meaning

that most (or all) neutrals in the discharge chamber are ionized [10].

As seen in Figure 2.16, the power consumption of the thruster also increases with voltage

and flow rate. Higher voltage increases the flux of charged particles through the thruster,
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Measured Thrust vs. Discharge Voltage for Various Xenon Flow Rates
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Figure2.15 Plot of BHT-1000 measured thrust versus discharge voltage for various
anode flow rates tested in the single stage configuration.

Discharge Power vs. Discharge Voltage for Various Xenon Flow Rates
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Figure2.16 Plot of BHT-1000 discharge power versus discharge voltage for various
anode flow rates tested in the single stage configuration.
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thereby increasing the discharge current and power in a near linear relationship. Larger
flow rates provide more neutrals for ionization, thus increasing the density of charged par-
ticles and subsequently the discharge current and power. It can be noted from Figure 2.16
that even though the BHT-1000 was originally designed as a one kilowatt thruster, it is
capable of operating at much higher power levels.

The specific impulse is atype of fuel efficiency that evaluates the ability of the thruster to
convert propellant into useful thrust and is defined as,

I, = ——. (2.3)

sp
m,g

To make an electric propulsion system an attractive option for long duration solar system
exploration missions, or even low Earth orbit (LEO) to geosynchronous Earth orbit (GEO)
transfer missions, it typically needs to operate at specific impulses above 3000s. Only ion
engines currently operate in this range of specific impulse. However, thereis both motiva-
tion and effort underway to push the specific impulse of Hall thrustersinto this range [13].
As previously mentioned, the BHT-1000 was designed for high specific impulse opera-
tion. Figure 2.17 shows that the thruster reaches a specific impulse of 3000s at 1000V for
the largest two flow rates tested. The specific impulse data were averaged for this plot in
order to reduce the scatter associated with the lower flow rates. At 2.0 mg/sand 1.5 mg/s,
the discharge extinguished several times and had to be restarted, indicating that these flow
rates were probably too low for steady operation. Furthermore, the plume was observed to
bein the fuzzy, expansive mode for much of the performance testing at the lower two flow
rates whereas the smoother, jet mode was observed consistently in the higher two flow
rates. Another important point to note is that the specific impulse calculation only takes
into account the propellant flow rate to the anode and does not include the cathode flow
rate.

The thrust efficiency of the engine can be defined as the ratio of exhaust kinetic energy

(also known as the beam energy) to input power. The beam energy issimply,
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Average Specific Inpulse vs. Discharge Voltage for Various Xenon Flow Rates
3500 T T T T

O 3.0 mg/s
A 2.5 mgls
& 2.0 mgl/s
3000 O 1.5 mg/s O E B
) A
8 N
>3
g 2500 = © 8
Q A °
= ja)
& o o
@)
» 2000 | A o o B
g o
g B =
< O o
(@)
1500 - A -
O 8 8
1000 1 1 1 1 1
0 200 400 600 800 1000 1200

Discharge Voltage (V)

Figure2.17 Plot of BHT-1000 average specific impulse versus discharge voltage for
various anode flow rates tested in the single stage configuration.

1. 2
Epeam = émac . (2.4)

The expression for efficiency can be reduced (using Equation 2.1) to parameters involving

only the measured thrust, discharge current and engine inputs of anode flow rate and dis-

charge voltage,

1n 2
R

Pyl 2mdyly

n = (2.5)
As with specific impulse, the propellant flow rate used here is just the anode flow rate.
Figure 2.18 shows the calculated efficiencies for the single stage performance testing.
The thruster reached 50 percent efficiency at 800V for both the 2.5 mg/s and 3.0 mg/s flow
rates tested. The data for these flow rates overlap, but both look as if they level off with
increasing voltage. The lower flow rates are less consistent in their trends because of the

erratic thruster behavior previously mentioned.
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Average Thrust Efficiency vs. Discharge Voltage for Various Xenon Flow Rates
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Figure2.18 Plot of BHT-1000 average thrust efficiency versus discharge voltage for
various anode flow rates tested in the single stage configuration.

2.5.2 Two Stage Testing

An additional power supply is required when running the BHT-1000 in the two stage con-
figuration. This extra power supply is used to bias the intermediate electrode (the anode
housing) to a potential between the anode and cathode, typically 100V below anode poten-
tial. The electrical configuration for two stage operation is shown in Figure 2.19. The
magnet currents are tuned to minimize the discharge current, as in the single stage opera-

tion.

As previously discussed, the idea behind two stage operation is to physically separate the
ionization and acceleration regions. By isolating these mechanisms, they can be indepen-
dently controlled and tuned for higher efficiencies. Because the PIC simulation of the
BHT-1000 does not yet fully incorporate this two stage configuration, only limited perfor-
mance testing was completed with two stage operation. The performance of the BHT-
1000 operating with two stages has been previously documented and shown to give a

dlight advantage in specific impulse, especially at very high power levels[8].
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Figure2.19 Electrica diagram for two stage perfor-
mance testing of the BHT-1000.

The discharge is typically started using a potential difference between the anode housing
electrode and the cathode. Once the plasma has been established, the extra voltage can be
applied to the normal single stage anode above the electrode. The two stage data pre-
sented here used an anode flow rate of 2.0 mg/s. The cathode flow was kept at ten percent
of the anode flow, asin the single stage testing. Figure 2.20 shows the thrust measured for
the BHT-1000 operating in the two stage configuration as well as the single stage configu-
ration for comparison. The voltage of the two stage data is the potential of the electrode
and anode added together to get the total potential drop from anode to cathode. The plot
shows that two stage operation gives a slight thrust advantage at this flow rate.

The total discharge power under two stage operation is plotted in Figure 2.21 along with
the single stage data at the same flow rate. The two stage power consumption is calculated
by adding the input powers to both the anode and intermediate electrode. The data show
that two stage operation uses dlightly more power to produce the higher thrust shown
above. This increased power consumption may be because the intended ionization layer

forms upstream between the anode and intermediate electrode, increasing the total ioniza-
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Measured Thrust vs. Total Discharge Potential for 2.0 mg/s of Xenon
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Figure2.20 Plot of BHT-1000 thrust for single and two stage configurations at an

anode flow rate of 2.0 mg/s of xenon. Two stage operation gives a dight
thrust advantage at this flow rate.

Total Discharge Power vs. Total Discharge Potential for 2.0 mg/s of Xenon
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Figure2.21 Plot of BHT-1000 power for single and two stage configurations at an
anode flow rate of 2.0 mg/s of xenon. Two stage operation consumes
dlightly more power at this flow rate.
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tion occurring inside the thruster discharge channel. If the ionization was not just moved
upstream away from the acceleration layer asintended, but simply increased in amount by
forcing it to occur both in the upstream region and near the exit plane, then an increasein
total discharge current would be expected. This is because more electrons would be cre-
ated by ionization and captured by the anode surfaces. This increases the total discharge

current and therefore also increases the total discharge power.

The average specific impulse for two stage operation and the corresponding single stage
dataare plotted in Figure 2.22. The multiple electrode configuration performs better at all
voltagestested. Thisimprovement could be an effect of the physical separation of theion-
ization and acceleration zones. If accelerating ions encounter fewer neutrals downstream,
charge exchange collisions are less likely. Charge exchange collisions occur when a fast
ion collides with aslow neutral. The neutral takes on the charge of the ion and becomes a
slow ion while the original impacting ion loses its charge and becomes afast neutral. This
type of collision tranglates to a thrust and specific impulse loss because the slow charge
exchange ions cannot overcome the radial potential gradient of the plasma and diverge

away from the main thrust axis.

The comparison of single and two stage thrust efficiencies is complicated by the poor
operation of the single stage configuration at this flow rate. The two stage operation did
not have problems at 2.0 mg/s, so a definite advantage exists in discharge stability. The
average measured thrust efficiency for two stage operation is clearly as high as the single
stage configuration, but the trend at higher potentialsis difficult to determine without fur-
ther testing. Again, because of the possible increase in ionization with the two stage setup,
it islikely that higher discharge power and electron current will lead to inefficiencies. It
should be noted that in the case of two stage operation, the input power in the denominator
of Equation 2.5 (used to calculate the thrust efficiency) isthe sum of the powers consumed
by both discharge power supplies.
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Average Specific Impulse vs. Total Discharge Potential for 2.0 mg/s of Xenon
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Figure 2.22 Plot of BHT-1000 specific impulse for single and two stage configurations
at an anode flow rate of 2.0 mg/s of xenon. Two stage operation performs
at a higher average specific impulse at this flow rate.
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Figure 2.23 Plot of BHT-1000 thrust efficiency for single and two stage configurations
at an anode flow rate of 2.0 mg/s of xenon.



Chapter 3

INTERNAL PROBE MEASUREMENTS

3.1 Overview of Langmuir Probes

Electrostatic plasma probes were invented by the scientist Irving Langmuir in the year
1924. Hisrelatively ssmple devices were the first plasma diagnostic instruments and till
bear his name, as electrostatic probes are most commonly referred to as "Langmuir
probes." They are capable of measuring electron density, ion density, electron tempera-
ture, plasma potential and floating potential. Their accuracy in measuring these plasma
properties depends on the particular situation in which they are used. Their useis limited
to cool plasmas which will not melt or rapidly erode their surfaces because they are mate-
rial probes that must be inserted into the plasma. Despite their simple construction and

operation, the interpretation of their data can be quite complex [14].

3.1.1 Simple Langmuir Probes

Langmuir probes generally consist of one or more metallic, conducting electrodes inserted
into aplasma. The "simple" Langmuir probe is a single electrode where one conductor is
inserted into the plasma. All of the Langmuir probes used in this research were of this
type. A grounded power supply is used to bias the probe to potentials both above and
below the plasma potential, while the current collected by the probe is measured.
Figure 3.1 shows a schematic of asimple Langmuir probe on the left. The probeisacon-

ducting wire typically made out of a high temperature metal such as tungsten or nickel,

55
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and is surrounded by an insulating sleeve, usually made out of a ceramic such as alumina.

The conductor extends out of the insulator some distance to form the probe area.

The right hand side of Figure 3.1 shows a schematic of a voltage-current sweep of asim-
ple Langmuir probe in a stationary, Maxwellian plasma. As the probe potential is swept
across a broad range of voltages and the current collection is measured, a characteristic
curve with three distinct regionsis extracted. Each of these regions allows one or more of

the plasma parameters to be determined.

The current collected by the Langmuir probe in Figure 3.1 is the sum of both electron and
ion currents arriving at the probe. Figure 3.2 illustrates current collection regimes of the
probe corresponding to each of the regions shown in Figure 3.1. Note that current leaving
the probe istypically regarded as positive, while current collected (asin the ion saturation
region) is plotted as negative on the voltage-current sweep. At very low potential, the
probe attracts all of the surrounding ions and repels al but the very high energy electrons
(far right of Figure 3.2). Thisregion of the voltage-current sweep is called the ion satura-
tion region because the current isrelatively constant, as the maximum flux of ions allowed
by space charge considerationsis collected. The ion saturation region is used to determine

theion density.

Asthe probe voltage isincreased, the potential gradient between the plasma and the probe
decreases and more electrons reach the probe. Eventually, electrons and ions arrive at the
probe in equal rates, causing the total current to the probe to be zero (second image from
right of Figure 3.2). This potential is called the floating potential and is denoted as V; in
Figure 3.1. Increasing the probe voltage still further, the electron current begins to domi-
nate the total current collected by the probe because the lightweight electrons are easily
diverted from the surrounding plasma. This region on the probe characteristic is referred
to as the transition region, and the electron current increases exponentially with probe
voltage (second image from left of Figure 3.2). The slope of the transition region can be

used to determine the electron temperature.
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As the probe voltage approaches the plasma potential (V,), the ion current is completely
diminished and the electron current beginsto saturate. When the Langmuir probe is oper-
ating in the thin sheath regime (this will be discussed in more depth), a kink or knee will
appear in the curve at the plasma potential. The region of higher potential beyond the
plasma potential is referred to as the electron saturation region and is used to determine

the electron dengity (far left of Figure 3.2).

3.1.2 Multiple Electrode Langmuir Probes

When two electrodes are used, referred to as a"double” Langmuir probe, they are inserted
into the plasma near each other so that they sample the same plasma properties. Both elec-
trodes are initially floating at potentials below the plasma potential. A power supply is
connected between the two electrodes so that a potential difference can be applied
between the two electrodes. The potential difference is varied using the power supply,
while the current between the probes is recorded. The main advantage to using a double
Langmuir probe instead of a simple Langmuir probe is that there is only a very small net
current drawn from the surrounding plasma, keeping plasma disturbances to a minimum.
The current to the double Langmuir probe is constrained by the fact that the current col-
lected in one electrode must be taken from the other electrode. Thus one end of the system
is always limited to drawing the ion saturation current at maximum, which tends to be a
very small current. However, the disadvantage of the double Langmuir probe is that it
cannot be used to determine the floating or plasma potentials. It can be used for determin-

ing the electron temperature and the plasma density (from the ion saturation current).

Triple and quadruple Langmuir probes have also been used in plasma research. These
probes typically use one electrode as a reference potential (allowed to sit at the floating
potential) and bias the other electrodes to fixed potentials above and below the reference
point. Then analytical curve fitting is used to determine the plasma parameters from the
three or four known points on the probe characteristic. Thisallowsfor all of the important

plasma parameters to be determined without sweeping the probe bias, but the disadvan-
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Figure 3.3 The double Langmuir probe concept uses two electrodes with a biasing power sup-
ply connected between them. Plasma disturbances are minimized, but plasma
potential cannot be determined using this type of probe.
tage is that the probe size and complexity become greater with each electrode added.
These types of probes can be valuable for plume research and other types of external diag-
nostics, but they are cumbersome for performing internal discharge measurements on all

but the largest Hall thrusters.

3.2 Simple Langmuir Probe Theory

Classical Langmuir probe theory for single electrode probes relies on a few assumptions
about the plasma environment in which the probe is placed. First, the plasmamust be sta-
tionary and quiescent. The plasma should not be flowing due to external electric fields or
confined by magnetic fields. Secondly, the plasma must be isotropic and Maxwellian,
meaning that there is no preferred direction of flow or nonneutral density regions. Third,
the plasma should be collisionless. The criterion for acollisionlessplasmain thisregardis

that the mean free path is much greater than the probe dimension (usually radius) and the
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Debyelength. Finally, the probe must be operating in the thin sheath regime, meaning that
the probe dimension must be much greater than the Debye length.

The Debye length is a plasma property that can be used to quantify the size of the electric

potential boundary layer between the main plasma and its surroundings and is given by,

7\’d = o e (31)

The potentia of the main plasma will be relatively constant across large regions of unin-
terrupted quiescent plasma. However, near walls or physical objects within the plasma,
the potential falls off from the plasma potential to the floating potential in adistance that is
typically afew timesthe Debye length asillustrated in Figure 3.4. The region of potential
drop is referred to as the "sheath" and the potential of the plasma at the entrance to the
sheath is called the "sheath potential” (denoted by V). When the Debye length is an order
of magnitude or more smaller than the probe dimension, the sheath can be assumed to be
thin in comparison to the probe. This alows for the assumption of a planar probe geome-
try (no matter what the probe shape is) and edge effects may be ignored. This concept is
illustrated in Figure 3.5.

When all of the classical Langmuir probe theory assumptions can be met, the interpreta-
tion of the probe characteristic becomes as straightforward as possible. The floating
potential can be read directly from the voltage-current sweep as the potential where zero
net current is collected by the probe. The ion saturation current is then determined from
the ion saturation region of the characteristic and subtracted from the total current, leaving
aplot of only the electron current. The electron temperature is then determined from the

slope of the logarithm of the electron current in the transition region,

dlnle _ e
dv kT, (3.2
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Once the electron temperature has been calculated, the ion density can then be found using

the ion saturation current and the area of the probe,

l.
n = — s (3.3

| )
exp (—%) Ajevg

where the Bohm velocity (vg) is calculated from,

vg = [—F5. (3.4)

In the Bohm velocity equation, the ion mass term would be for a xenon ion since that was
the propellant used in this research. Alternatively, the ion density can be found from the
electron saturation current (see below) and quasineutrality (n;=ng). The plasma potential
can be determined graphically from the kink in the characteristic. This can be done either
on the raw data plot or using the logarithm plot of the electron current where the kink is
more apparent. In the transition region, the electron current rises exponentially therefore
appears linear on the logarithm plot of electron current. The plasma potential can aso be

determined using the floating potential and electron temperature from,

kT m
V-V, = ?ée['”(znﬁ) —1] (35)

i
which reduces to the following when using xenon as the propellant,

V, = V;+5.76T,. (3.6)

Thismethod for determining the plasma potential can be very valuable when the kink used
in the graphical method is difficult to see. Once the plasma potential is determined, the
electron saturation current is determined as the electron current measured at the plasma
potential. The electron saturation current can then be used to determine the electron den-

sity from,
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where T isthe mean thermal speed of the electrons and is found from,

8KT
C = €. (3.8)
N Tmy

Many resources about classical Langmuir theory are available, and much study has been

devoted to its uses and applications [14, 15, 16, 17]. Analytical solutions to the current
drawn by a Langmuir probe can be used to fit curves to the data and numerically derive
the plasma parameters. This method can be arapid and powerful tool for analyzing Lang-
muir probe data. However, a more manual method was used in this research as a way of

better understanding and interpreting the nuances of the experiments.

3.3 Langmuir Probe Data Analysis

There are several practical considerations to make when trying to apply the smple Lang-
muir probe theory to experimental data. When any of the classical Langmuir probe
assumptions are violated or when the experimental setup is flawed, departures from the
nominal probe characteristic occur. Thistype of datais not without value, in fact itisvery
difficult to find practical applicationsin which none of the traditional assumptions are vio-
lated. Therefore, areview of the application techniques of Langmuir probe theory used in

this research will be presented bel ow.

3.3.1 Thin Sheath Procedure

When the probe characteristic looks similar to the type of curve expected under thin
sheath assumptions, the data analysis is relatively straightforward. Figure 3.6 shows a
plot of Langmuir probe data taken inside the BHT-1000 during an experiment. The char-
acteristic looks as it should, with a clear ion saturation region, transition region, plasma

potential kink and electron saturation region.
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When the ion saturation region is enlarged, it is easy to see the floating potential where
zero current is measured (see Figure 3.7). It isaso easy to see that the ion saturation cur-
rent is not truly a constant value. The current linearly increases in magnitude as the probe
voltage is lowered further and further below the floating potential. This phenomenon
occurs because the sheath surrounding the probe is growing as the potentia difference
between the plasma and probe isincreased. Therefore, the effective collection area of the
probe grows, and the ion current increases. It is therefore not obvious what value should

be used for the ion saturation current in the data analysis.

For this research, the ion saturation current was chosen as the current where the linear
region of ion saturation current stopped and the transition region began (marked by expo-
nential growth in electron current). Thision saturation current was chosen because it mir-
rors the method of choosing the electron saturation current at the plasma potential kink
(where electron saturation begins) and because it was found to give the most linear transi-
tion regions on the logarithm plots of electron current. This choice of ion saturation cur-
rent also makes sense from a kinetic perspective. As the probe approaches the regime
pictured in the far right image of Figure 3.2, the ions begin to dominate the current col-
lected by the probe. At lower probe potentials, the flux of ions only increases because of
sheath growth, not because ions are dominating the current collected in greater fractions

compared to electrons.

Figure 3.8 shows an example of the logarithmic plot of electron current used to calculate
the electron temperature and plasma potential. Both the transition region and the electron
saturation regions are fitted with linear extrapolations. The slope of the transition region
is used to find the el ectron temperature, while the intersection of the two extrapolationsis
used to determine the plasma potential. The current measured at the plasma potentia is
selected as the electron saturation current and from this, the electron density can be found.
If the electron saturation was perfect and sheath growth did not occur, the electron satura-
tion region would be flat instead of sloping upwards. However, as the probe voltage is

driven above the plasma potential, the collection area increases due to growth of the
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Figure 3.6 Example of a Langmuir probe sweep under thin sheath conditions. The
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Figure 3.7 Enlarged view of ion saturation region

of a Langmuir probe sweep under

thin sheath conditions. Theion saturation current magnitude increases lin-

early as the probe voltage is decreased

because of sheath expansion. The

value used in data analysisis at the end of the linear region as shown.
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Figure 3.8 Plot of the natural logarithm of the electron current for a Langmuir probe
sweep performed under thin sheath conditions. The plasma potential kink
is even more pronounced here than in the linear plot of total current in
Figure 3.6.
potential sheath surrounding the probe. This behavior isthe same as previously discussed

regarding growth of the ion saturation current with decreasing probe voltage.

3.3.2 OML Procedure

When the thin sheath criterion is violated, a Langmuir probe may operate in what is
referred to as the Orbit Motion Limited (OML) regime. This regime occurs when the
Debye length is much larger than the probe dimension (4>>Ryone), Meaning that the
sheath thickness is large compared to the probe dimension. This effectively increases the
size of the collection area by many times or even orders of magnitude. As the probe volt-
age is increased beyond plasma potential, the electron current will rise monotonically as
the sheath grows in size. If the sheath grows in all directions, indicating a three dimen-
sional OML regime, the rise in current will be linear. This would apply to a spherical
Langmuir probe. If the sheath grows only in two dimensions (2D OML for a cylindrical
probe), the electron current will rise with a square root dependence on the probe voltage.

An infinitely planar Langmuir probe would show a perfectly flat electron saturation cur-
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rent, as in the theoretical thin sheath case. However, because of the edge effects associ-
ated with a planar probe of finite dimensions, the growth of the sheath cannot be strictly
planar in shape. A small planar probe would collect current from an unknown sheath
shape, making the electron saturation region of the characteristic have some type of unde-
fined curvature [16]. Oftentimes the Debye length is not much larger than the probe
dimension, but rather on the order of the probe dimension (44~Ryqpe). Under this type of
condition, the probe can have behaviors that are intermediate between the thin sheath and
OML regimes. Thistype of probe condition can be difficult to analyze because the proper

assumptions are unclear.

In practice, the electron current never truly saturates (as seen in Figure 3.6), even when the
conditions are determined to be in the thin sheath regime. However, the behavior of an
OML (or intermediate) probe is dramatically different in the electron saturation region of
the characteristic, and the data analysis must be modified. Figure 3.9 illustrates the differ-
ence in shape of the Langmuir probe characteristic between the OML and the thin sheath
regimes. Although practical probe applications rarely approach true electron saturation,
the thin sheath approximation is a useful technique in cases where the plasma potentia
kink isvisible (Case C in Figure 3.9). However, when the probe is operating in the OML
regime, no kink is visible and the plasma potential must then be solved for using Equation
3.6. It should be noted that this method of solving for the plasma potential is lessreliable
than the graphical method using the kink in the characteristic. This method requires that
the floating potential and electron temperature be known beforehand. Determination of
the floating potential is not difficult asit can be read straight from the raw data plot. Con-
versely, finding the electron temperature can be more challenging, asit is not clear where
the transition region ends in the OML characteristic. It isknown that the transition region
typically encompasses the floating potential, so the electron temperature istherefore deter-

mined from the slope of the logarithm of electron current near the floating potential.
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Langmuir Probe Characteristics
A: 3D Orbit Motion Limited, | o V
B: 2D Orbit Motion Limited, | o V12

C: Thin Sheath Approximation
D: Planar OML,Thin Sheath Theoretical

Figure 3.9 This diagram shows the difference in shape between the OML and thin sheath Langmuir
probe characteristics. The theoretical thin sheath curve (D) is not typically found in experi-
ments, but the thin sheath approximation (C) can be made when the plasma potential kink is
clearly seen. Planar OML is also not observed in experiment because edge effectstend to be
important on the scale of practical probe sizes. The typical OML cases (A, B) do not allow
for graphical determination of the plasma potential.

3.3.3 Leakage Current Procedure

The considerations discussed so far in applying the simple Langmuir probe theory have
focused on situations in which the thin sheath assumptions are violated. Another cause of
aberrations in the probe characteristic is a flawed experimental setup. Because Langmuir
probes are operated in a plasma environment where there is a constant background gas
containing ions and electrons, electrical insulation of the non-current collecting areas is
very important. The leads that carry the probe signal through the thruster body and to the
edge of the vacuum tank must be shielded from this background gas. However, the inte-
rior of the thruster can be an extreme environment for normal insulating material. Heat is
conducted through the probe itself to insulating materials that cover the probe and its sig-
nal carrying leads. Rubber insulation tends to melt, leaving exposed regions of wire that
are biased at approximately the same potential as the probe itself. These exposed wires

can attract and repel ions and electrons from the background just as the probe does in the
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discharge plasma, leading to extraneous currents that affect the probe data and shift the

curve from itstrue position.

Several types of insulation were utilized during this research. Rubber insulation of many
thicknesses melted, likely due to a combination of heat conduction from the probe and
electron heating. Ceramic wire insulations tended to crack at wire bend points, exposing
probe leads. High temperature alumina putty and Kapton were found to be effective insu-
lators. When data were affected by insulation problems, corrections were made to salvage
the information about plasma properties. Because electrons in the background gas are
more mobile than background ions, electrons more easily penetrate gapsin insulation. As
a result, probes with insulation problems typically showed excess electron current and

shifted the entire probe characteristic upwards.

Figure 3.10 shows an example of a leakage current correction made to a Langmuir probe
sweep. The ion saturation region of the curve has been enlarged so that the correction
method can be studied. The curve of measured current crosses the zero current linein a
linear fashion typical of the ion saturation region of the probe characteristic, not with the
exponential rise of electron current as in the case without leakage currents. In order to
correct the plot, a current shift calculated using Equation 3.6 had to be applied. Firgt, the
plasma potential was solved for graphically using the kink in the probe characteristic (not
shown in Figure 3.10). In order to do this, the ion saturation current had to be estimated
visually. Thisestimation was done through atrial and error process of studying the natural
logarithm plot of the electron current and estimating the ion saturation current until the
plot of the transition region was as linear as possible. The linearity indicates that the
plasma was Maxwellian, one of the major assumptions in applying classical Langmuir
probe theory. Second, an estimate of the electron temperature was made from the slope of
the same plot. Using Equation 3.6, these two parameters (V,, and Tg) were then used to
determine anew floating potential. Once this had been done, the current shift downwards
could be calculated by determining the amount of shift necessary to bring the new floating

potential point to the zero current level. This process could then be iterated by making a
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new estimate of theion saturation current, recalculating V,, and T, and finding the floating
potential from Equation 3.6 until it converged to a final value. A second iteration was

rarely necessary, and a third correction has never been needed in this research.

x 107 Example of a Leakage Current Correction
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Figure3.10 Example of a probe sweep with leakage current. The measured curve
must be shifted down by solving for the correct floating potential. In this

example, the floating voltage increased by 64.75V and the current
decreased by 44pA.

3.3.4 Flowing Plasma Considerations

When aLangmuir probe is operated in a flowing plasma, awake can be created behind the
protruding probe as in Figure 3.11. lons moving past the probe do not enter the wake
because of their large inertia and high velocity. Electrons are therefore also prevented
from entering the wake region because of quasineutrality. The wake region can compli-
cate the determination of the probe collection area because it is difficult to quantify the
effect of the wake on the sheath shape. Previous research on cylindrical probes aligned
perpendicular to the flow direction has used the assumption that the ion collection areais
determined only by the projected area of the probe. The electron collection area is

assumed to be one half of the total surface area of the probe because e ectrons typically
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exhibit more isotropic trajectories than ions [18]. Analytical solutions for current collec-
tion of cylindrical probes operated in flowing plasmas have been developed previously
[14]. These analytical solutions can be numerically fitted to data to derive plasma proper-

ties.

This research utilizes planar Langmuir probes, which are less vulnerable to wake region
concerns. However, Hall thrusters are flowing plasma environments where isotropic
plasma assumptions are not completely accurate. Nevertheless, this research did not
attempt to make corrections for plasma flow, as its complexity for planar probes was

beyond the scope of thiswork.

Sheath
__________________
., Wake Region
lon Beam

Figure3.11 When a Langmuir probe is inserted in a
flowing plasma, a wake region of low den-
sity can be created.

3.4 Langmuir Probe Experimental Setup

The placement of diagnostic instruments inside Hall thrusters of small or moderate size
can be complicated for several reasons. The discharge chamber istypically very small, on
the order of a few centimeters long in the axial direction and a couple of centimetersin
radial width. Little space is left for the insertion of diagnostic instruments, especially
because the anode occupies a significant portion of the volume within the discharge cham-
ber. Theinsertion of diagnosticsis further complicated by small, difficult to reach access
pathways through the assembly. Many materials within the thruster are conductors and

are often biased to high potentials, creating the possibility of short circuits and data cor-
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ruption. Finally, the plasmawithin the discharge chamber typically has peak temperatures
of 20eV and higher. These high temperatures can erode or overheat surfaces of diagnostic

instruments that are left in the plasma during thruster operation.

3.4.1 Probe Design

To ensure the survival of the internal Langmuir probes for thruster test durations of many
hours, the probes were designed to be planar probes placed flush with the surface of the
ceramic outer exit ring. The ceramic exit ring is made of boron nitride and acted as the
probe insulation near the plasma discharge. The probes were designed to be inserted from
the outer radial surface of the exit ring and to be connected to lead wiresinside the thruster
body. These lead wires were ported through the side of the thruster and then to electrical
feedthroughs on the side of the vacuum tank. A diagram of the probe design is shown in

cross section in Figure 3.12.

The diameter of the probes was chosen to meet several different requirements. The probes
were made of 99.95 percent pure tungsten and needed to be inserted through a small diam-
eter hole approximately one half inch in length. Because the boron nitride was acting as
the probeinsulator, the diameter of the insertion hole was drilled to be very closein sizeto
the diameter of the wire for atight fit. Dueto a high friction insertion, the wire needed to
be stiff enough not to bend. In order to use the thin sheath probe theory, the probe diame-
ter had to be large relative to the Debye length inside the thruster. Because the plasma
parameters were not known beforehand, they were estimated using the PIC simulation.
The initial estimate of Debye length, along with the estimated plasma parameters used to
calculate it, are presented in Table 3.1. Also presented in the table are estimates of both
the ion and electron saturation currents. It was important to estimate these current limits
to ensure that the power supply used to operate the probe could handle the amount of
power collected by the probe. The ion saturation current was estimated using Equation

3.3, and the electron saturation current was estimated using Equation 3.7. In using these
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Figure3.12 Diagram of Langmuir probe design shown in
cross section. This diagram is not drawn to scale.

TABLE 3.1 Initial Estimates Used for Probe Design

Design Parameter Initial Estimate
Rorobe 2.54x10% m
Ne 3x108 m3
Te 20eV
(lo)sat 72.78 mA
() sat 0.23mA
Aq 1.9x10° m
Rorobe/Ad 13.22
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equations, it is assumed that the probe operates in a thin sheath regime and that the ion

temperature is much less than the electron temperature.

Initial estimates showed that a probe diameter of 0.020in (0.508mm) would be large
enough to operate in a thin sheath regime, yet small enough that the electron saturation
current would be below the power supply maximum (100mA). This diameter also pro-

vided enough stiffness for insertion through the narrow probe holes in the boron nitride.

3.4.2 Probe Construction

Once the initial probe diameter was selected, the locations for probe insertion were cho-
sen. Previous research using electrostatic probes inside Hall thrusters has shown that the
plasma properties tend to change rapidly near the exit plane of the thruster [1]. Probes
were therefore spaced as evenly as possible throughout the axial distance of the outer exit
ring, while making sure that at least one probe was placed near the upstream edge of the
exit ring chamfer and one probe directly on the chamfer. The beginning of the chamfer
forms the exit plane for the main discharge channel, and the end of the chamfer represents
the end of the discharge channel altogether. It was hoped that by placing the probes near
these exit plane areas, the large axia variations in plasma parameters would be captured

by the probes.

Both experimental setups described below used eight Langmuir probes axialy spaced as
shown in Figure 3.13. The probes are often referred to by number and are ordered from
one to eight moving downstream as shown. The first four probes were located on the
internal discharge chamber surface facing radially. The fifth probe was located approxi-
mately midway down the exit ring chamfer, while the last three probes were mounted
externally to the thruster. It isimportant to also note that probes 1-5 were spaced apart azi-
muthally as well to avoid any probe to probe interaction because of their small axial
spread. The three external probes were mounted in double bored alumina tubing where

one hole in each insulation tubing was not used. These externa probes were not spaced
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Figure 3.13 Diagram of general axia probe layout and numbering
(not to scale).
apart azimuthally, but mounted together on a bracket. Their axial spacing is farther apart

and did not warrant azimuthal spacing.

L ow Voltage Setup

The low voltage test setup used eight Langmuir probes each with a diameter of 0.020in
(0.508mm). Probe data from this setup are reported for discharge voltages between 300-
400V. Figure 3.14 showsthe axial positions of the probesin relation to the outer exit ring.
The axial, radial and azimuthal positions are reported in Table 3.2. As previously men-
tioned, the interior five probes are spaced apart azimuthally. The azimuthal positions are
measured clockwise from the top of the thruster where the cathode is mounted. Theradial
positions of the probes are measured from the thruster centerline and the axial dimensions
are measured from the upstream edge of the outer exit ring. Figure 3.15 shows photo-

graphs of the exit ring with the Langmuir probes installed. The lead wires to the probes
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Figure 3.14 Diagram showing axia positions of Langmuir
probes in the low voltage test setup. All dimen-
sionsin (mm).

TABLE 3.2 Positions of Langmuir Probesin Low Voltage Test Setup

Axial Radial Azimuthal
Probe Position Position Position
Number (mm) (cm) (degrees)
1 0.79 3.87 81
2 1.91 3.87 75
3 2.92 3.87 69
4 3.68 3.87 63
5 5.28 3.99 106
6 8.59 4.37 0
7 13.67 4.37 90
8 18.75 4.37 0
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Figure 3.15 Photographs of the low voltage test setup. Note that there is an extrahole
near the chamfer probe that was not used.

were made from a ceramic coated copper wire sometimes used for electromagnets. After
looking at the data from the low voltage testing, it was believed that the ceramic insulation
suffered very small cracks most likely in places where the wire was bent. These cracks
exposed the probe leads to background plasma, causing absorption of leakage currents
during operation. The connection between the lead wire and probe was formed with a
gold pin, and the entire connection assembly was insulated with high temperature ceramic
putty made from aluminum oxide. The putty was hardened using a heat gun and provided
structural support to hold the probes in position.

High Voltage Setup

The high voltage test setup used two different probe sizes. Probes 1-5 were made from
tungsten wires with 0.015in (0.381mm) diameters. Probes 6-8 were the same size asin the
low voltage test with 0.020in (0.508mm) diameters. Probe data from this setup are
reported for discharge voltages between 300-900V. Probes 1-5 were reduced in size
because probe 4 was collecting too much current at electron saturation for the power sup-

ply being used. It was discovered that the 100mA current range of the power supply being
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used in the low voltage setup was more of atheoretical limit than apractical limit. At cur-

rents near 50mA, the power supply tended to saturate and report only a constant current.

Saturation of the power supply occurred at discharge voltages above 400V, so a new setup
was required to perform testing at high voltages. In order to reduce the probe diameter, a
new boron nitride outer exit ring was manufactured with smaller probe insert holes.
Another problem encountered when pushing the discharge voltage higher was overheating
of the external probes. Theion bombardment of the alumina tubing caused the insulation
to glow red hot. Therefore, the probes were moved radially outward to reduce the ion
heating. The axial dimensions of the high voltage test setup are shown in Figure 3.16 and
the full probe positions are reported in Table 3.3. Figure 3.17 contains photographs of the
high voltage setup. The lead wiresfor the high voltage testing were made from triple thick
Kapton wire, which proved to be very durable through many hours of testing. The electri-
cal connections between the Kapton lead wires and the probes were made with custom
made miniature crimps and insulated with ceramic putty. The putty was dried with a heat

gun to provide stiffness and hold the probes in position.

3.4.3 Data Acquisition System

All of the probe leads running from the thruster were ported through the vacuum tank via
conducting feedthroughs. Each lead was then wired into a switch box that allowed each
probe to be selected individually for operation. The switch box lead was connected to the
biasing power supply in order to control the voltage on the selected probe, as well as mea-
sure the current collected. The probe power supply was operated, and data were collected,
using the LabView software. The low voltage testing used a Keithley 2400 SourceM eter
(200V, 100mA) that was biased using an additional power supply in order to operate at
higher voltages. The low voltage setup was grounded to the cathode as a reference poten-
tial. The high voltage setup used a Keithley 2410 SourceMeter (1100V, 20mA) grounded
to the facility. The cathode floating voltage was monitored so that the potentia data could
be later referenced to the cathode. Both data acquisition setups are shown in Figure 3.18.
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Figure 3.16 Diagram showing axial positions of Langmuir
probesin the high voltage test setup. All dimen-
sionsin (mm).

TABLE 3.3 Positions of Langmuir Probes in High Voltage Test Setup

Axial Radial Azimuthal
Probe Position Position Position
Number (mm) (cm) (degrees)
1 0.91 3.87 99
2 1.78 3.87 105
3 2.67 3.87 111
4 3.53 3.87 117
5 5.33 3.98 78
6 8.59 5.08 90
7 13.67 5.40 90
8 18.75 5.40 90
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Figure 3.17 Photographs of the high voltage setup. Note the sharp chamfer of the new
outer exit ring and smaller internal probe diameters.

Low Voltage Test Setup High Voltage Test Setup
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Figure 3.18 Diagram illustrating the two different data acquisition setups. The low voltage setup was
grounded to the cathode, while the high voltage setup was grounded to the facility/tank
ground. The cathode floating voltage was monitored during the high voltage testing so that
both sets of data could be analyzed from cathode potential.
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3.5 Langmuir Probe Experimental Results

There were important operational differences between how the low and high voltage tests
were performed. Both tests started with a tank pressure near 2x10°® Torr before turning
the thruster on, and held a pressure in the range of 7x10°-9x10° Torr during operation.
Before the low voltage test commenced, the BHT-1000 was allowed to run for over an
hour to warm up, alowing the thruster to approach thermal equilibrium as well as to let
the thruster materials outgas any moisture absorbed between testing periods. The test
began by taking two sets of data at a discharge voltage of 300V, followed by a set of data
at 400V, then 500V and finaly ending with data at 350V. The thruster operating condi-
tions for the low voltage test are presented in Table 3.4 in chronological order. All of the
probe data at each discharge voltage tested was taken starting with the probe furthest
upstream and moving in order downstream, except at 500V. The 500V datais not reported
here because the internal probes were drawing too much current for the power supply to
operate properly and the external probes were overheating at times. The first set of 300V
data is also not reported, as the magnetic field settings did not match those of the other
data. The magnet currents were not tuned continuously during probe measurements as

they were during the performance testing.

TABLE 3.4 Low Voltage Test Conditions

Sart Time' | @ (V) | 14(A) | linner (A) | louter (A) | My (Mg/s) | M. (mgfs)
3:.09PM 300 2.07 8.0 8.0 25 0.30
3:54PM 300 2.06 111 8.0 25 0.30
4:22PM 400 2.01 111 8.0 25 0.30
5:11PM 500 2.08 111 8.0 25 0.30
6:42PM 350 2.03 111 8.0 25 0.30

1. Thruster was started at approximately 2:00PM.

The low voltage test data were previously published [20] but have been reanalyzed since
then, with minor improvements made to the data analysis technique. The high voltage test

procedure was organized with more structure after research at the NASA Glenn Research
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Center showed that the acceleration layer in the discharge plasma moves axially inward as
the discharge voltage is increased [19]. When this high temperature and density region
moves inward towards the anode, it can burn off deposited materials on the ceramic exit
ring, changing the plasma properties. It was therefore decided that the high voltage test
should be performed in descending order of discharge voltage, allowing all ceramic ero-
sion and outgasing to occur before data were taken. Therefore, the high voltage test began
by letting the thruster warm up for an hour and thirty minutes at 300V and then another
two hours at 900V before data collection started. The order of data collection and thruster
conditions are presented in Table 3.5. All of the probe data at each discharge voltage were

taken starting with the probe furthest upstream and moving in number order downstream.

TABLE 3.5 High Voltage Test Conditions

Sart Time' Dy (V) Id (A) Iinner (A) Iouter (A) My (mg/s) M (mg/s)
5:45PM 900 2.23 111 8 2.5 0.25

6:36PM 750 221 111 8 2.5 0.25
7:09PM 600 2.18 111 8 2.5 0.25
7:33PM 450 2.15 111 8 2.5 0.25
7:56PM 300 2.08 111 8 2.5 0.25

1. Thruster was started at 2:15PM.

3.5.1 Low Voltage Results

Figure 3.19 shows an axial profile of electron temperature. All of the low voltage test
results are plotted with the axia position measured from the upstream edge of the outer
exit ring, as shown in Figure 3.14. The plot shows that the peak electron temperature
occurs near probe 5 on the chamfer and increases with discharge voltage. This peak tem-
perature is generally where the electrons have reached their maximum kinetic energy as
they accelerate towards the anode. It signals the start of the ionization layer from an elec-
tron point of view asit travels upstream. Although it is difficult to be sure, it looks as if
the peak temperature region may be moving upstream as the discharge voltage increases,

particularly in the increase from 300V to 350V. At the probes furthest upstream, the elec-
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Figure3.19 Axia profiles of electron temperature for various discharge voltages
tested with the low voltage setup.
tron temperature is nearly constant with discharge voltage. Probes 1 and 2 measured
approximately 3eV or less for all three discharge voltages reported. This near anode
region likely does not participate in the ionization, as the electron energies are small here,

indicating their potential for ionizing collisionsis low.

The axial profile of plasma potential is shown in Figure 3.20. It can be seen from the fig-
ure that the plasma potential inside the discharge channel is nearly constant and approxi-
mately equal to the anode potential. The decrease in potential beginning between probes 4
and 5 indicates the start of the acceleration layer for ions moving downstream. The plot of
floating potentia displayed in Figure 3.21 looks very similar to the plasma potential pro-
file. The floating potential drops off sharply between probes 4 and 5, and is nearly con-

stant in the external probes.

The axial profile of electron density is pictured in Figure 3.22. The peak densities mea-
sured for all three voltages occurred at probe 4, and were of the same order of magnitude.
The sharp drop in density at probe 5 could be a wake effect occurring because the chamfer

probe sits around a corner from the main discharge (see Figure 3.13). Theions streaming
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Figure3.20 Axia profiles of plasma potentia for various discharge voltages tested
with the low voltage setup.
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Figure3.21 Axia profiles of probe floating potential for various discharge voltages
tested with the low voltage setup.
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Figure 3.22 Axial profiles of electron humber density for various discharge voltages
tested with the low voltage setup.
out of the discharge chamber with high axial velocity may not turn the chamfer corner
sharply enough to reach probe 5, thus preventing electrons from arriving as well because

of quasineutrality. Thisissue will be discussed further in the following chapter.

3.5.2 High Voltage Results

All of the high voltage test results are plotted with the axial position measured from the
upstream edge of the outer exit ring, as shown in Figure 3.16. The axial profiles of elec-
tron temperature are plotted in Figure 3.23 for al five voltages tested. Asin the low volt-
age test results, the peak temperature measured occurred at probe 5 on the chamfer, with
the exception of the 450V data. The temperature at probe 5 (as well as severa other
probes) looks to rise almost linearly with discharge voltage. It is difficult to determine
where the true peak electron temperature occurs. The relatively high temperatures mea-
sured at probe 4 for discharge voltages above 300V seem to indicate that the maximum
temperature may occur somewhere between probes 4 and 5. Despite this, it is easy to see
that discharge voltage has avery strong effect on the peak electron temperature. The tem-

peratures measured far upstream are relatively unaffected by discharge voltage, as was the
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Figure3.23 Axia profiles of electron temperature for various discharge voltages
tested with the high voltage setup.
case in the low voltage testing. The external probes seem to show afairly linear increase
of electron temperature with voltage. The relationship between temperature and discharge
voltage will be explored further in the following chapter.

Figure 3.24 shows the axial profiles of plasma potential measured for each discharge volt-
age tested in the high voltage configuration. As with the low voltage testing, the four
probes furthest upstream show a nearly constant plasma potential with magnitudes nearly
equal to the discharge potential. Some of the profiles show very slight increases in poten-
tial before the ion acceleration layer begins between probes 4 and 5. As the discharge
voltage isincreased, it was observed that the plasma potential on the interior probes drops
slightly relative to the discharge potential. The potentials measured at the exterior probes
were nearly constant and low. Figure 3.25 shows the profiles of floating potential mea-
sured by the probes. The profiles are smilar in shape to the plasma potential profiles, as
was the case with the low voltage testing. The decrease in potential begins a bit further
upstream (between probes 3 and 4), corresponding to the measured increase in electron

temperature in the same region. Some of the floating potentials measured at the exterior
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Figure3.24 Axia profiles of plasma potentia for various discharge voltages tested
with the high voltage setup.
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Figure3.25 Axial profiles of probe floating potential for various discharge voltages
tested with the high voltage setup.
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probes were actualy negative relative to the cathode, likely due to their positions.
Because these probes were placed far out radially in order to avoid overheating, this
region was likely out of the main plume expansion and devoid of ions, thereby reducing

the potential.

Figure 3.26 presents the axial profiles of electron number density for each voltage tested.
The peak densities measured are nearly equal for each of the voltages, but the shapes of
the profiles in the upstream region vary. The 300V curve shows a very smooth increase
towards a peak density at probe 4, whereas the other profiles show sharper increases near
the peak density. All of the profiles show a peak density at probe 3, with the exception of
the 300V and 900V data, which peak at probe 4. The exterior probes al measured rela-
tively low densities. The wake effect observed in the low voltage setup was less obvious
in the high voltage testing, most likely because probes 6-8 were positioned further out
radially and may also have experienced wake effects similar to those seen at probe 5.
Thus, all four of the probes furthest downstream measured very low densities due to wake

effects, making the effect at probe 5 more difficult to see in the axia profile.
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Figure3.26 Axia profiles of electron humber density for various discharge voltages
tested with the high voltage setup.



Chapter 4

ANALYSIS AND DISCUSSION OF
RESULTS

4.1 Performance Testing of the BHT-1000

The performance of the BHT-1000 Hall thruster must be evaluated in the context of the
thruster’s objectives. It was designed as a high specific impulse thruster to fill the need
previously outlined by NASA for an efficient means of stationkeeping and interplanetary
orbit transfer within the solar system. The BHT-1000 is already considered to be a
thruster pushing the specific impulse operational envelope of current Hall thruster tech-
nology [21]. The results of performance testing completed in this research did not show
significant improvements over that of previous research [8]. The goa was simply to

match previous performance and record a baseline set of performance data for analysis.

During the performance testing detailed in Chapter 2, the BHT-1000 was able to demon-
strate almost 3100s of specific impulse and produce over 90mN of thrust while operating
at adischarge power of just over 2600W. Thistype of performance puts the BHT-1000 at
the forefront of Hall thruster technology, and slightly closer to the original design goals of
3000s of specific impulse and 100mN of thrust at a power of 2300W. When using the two
stage configuration, slight increases in specific impulse and thrust were demonstrated at
the discharge voltages tested in this research. Increases in thrust efficiency were also
shown at some voltages. The discharge power also increased, possibly due to increased
ionization, as the ionization layer is established between the anode and intermediate elec-

trode. However, if improvements are made to the placement and size of the intermediate
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electrode, the two stage technology may be used to provide a significant performance

improvement over single stage operation.

The single stage performance can be compared to results of the full PIC simulation used at
Busek. The simulation is described in more detail in the following section. The predicted
and actual performance numbers are displayed in Table 4.1 for an anode flow rate of 2.5
mg/s. Several trends are apparent in the comparison. The smulation tends to underpre-
dict the discharge current and therefore the discharge power aswell. Thrust is also under-
predicted by the ssimulation, an effect related to the low discharge current. The simulation
tends to run with lower utilization than the estimates of utilization made during perfor-
mance testing. This lower utilization means that less ionization occurs in the ssmulation,
and thus lower electron current is received at the anode. Fewer ions are produced for the
same reason, and thus thrust is underpredicted. Specific impulse matches well at 300V,
but is far underpredicted by the simulation at the higher voltages. Conversely, the effi-
ciency numbers match better at the higher voltages, with the main discrepancy occurring
at 300V.

TABLE 4.1 Comparison of Experimental and Simulated Performance of the BHT-1000 at M, =2.5 mg/s

Condition Simulation Results Experimental Results
Dy (V) 300 600 900 300 600 900
lq (A) 1.50 1.63 1.68 1.96 2.07 2.18

T (mN) 34.8 50.3 61.1 35.2 55.5 70
lsp (9) 1420 2050 2493 1472 2264 2853
n 0.54 0.53 0.52 0.43 0.50 0.50

4.2 Comparison of Probe Resultsto PIC Code Predictions

As discussed in the research objectives outlined in Chapter 1, the main thrust of this
research was to provide internal plasma property data for comparison to and validation of
the PIC smulation being developed at the Busek Co. A short description of the code is

provided, as well as some explanation of the methods used for making comparisons
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between the probe data and the PIC code results. Also, some possible explanations for

discrepancies between the measured and simulated plasma properties are discussed.

4.2.1 Two Dimensional PIC Simulation Description

The two dimensional simulation is fully kinetic and uses Particle-in-Cell (PIC) and Monte
Carlo Callision (MCC) methodologies. The numerical model includes electrons, neutrals,
singly and doubly charged ions, as well as a redlistic thruster geometry that includes
dielectric walls and secondary electron emission. The electric potential is calculated by
solving a form of Poisson's equation. lon-electron recombination is modeled at dielectric
boundaries and neutrals are recycled. The sheath is calculated by collecting the residual
charges and incorporating them into the potential calculation. The simulations described
here include elastic and inelastic (excitation, ionization) electron-neutral collisions, elec-
tron-ion ionizing collisions, ion-neutral scattering, and charge exchange collisions. By
using an artificial mass ratio and artificial permittivity, the full PIC code is able to capture
oscillations on the scale of the electron plasma frequency. Anomalous diffusion is
included via an equivalent scattering frequency where the Hall parameter can be stipu-
lated. Typical runs of the code take several days. The model was originally developed by
Szabo at MIT and has been well described in previous publications [6, 22].

The most significant recent change to the code is arevised ion accommodation coefficient
at solid surfaces. As before, full accommodation of ion momentum (diffuse reflection) is
assumed and partial accommodation in energy. However, previous simulations assumed a
recycled neutral retained 50 percent of its parent ion's kinetic energy. Current simulations
assume an energy accommodation coefficient of =60 percent at energies less than 140eV,
o=T7 percent a energies greater than 400eV, and a linear fit between the endpoints at
energies in between. These values are based upon experimental measurements of xenon
accommodation on boron nitride by RIAME and MAI [23].

The 2-D simulation was run with the as built BHT-1000 geometry and a magnetic field

generated by the Maxwell software package. Simulations at a particular discharge poten-
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tial may be compared directly to probe data taken at the same discharge potential. An arti-
ficial mass ratio of 2500 was assumed, which means that m/m,~96. Various scaling
factors were used to produce physical results. Stochastic Bohm type diffusion was added
with a proportionality coefficient of 1/200, as opposed to the classical value of 1/16,
meaning that the anomalous Hall parameter is 200. Free space permittivity is typically
increased by afactor of 400, which lengthens the Debye length by afactor of 20. Thus, a
coarser grid can be used, and the plasma frequency decreases by the same factor, allowing
for alonger time-step. The run time on an AMD Athlon powered PC for a single case

with m/m.~96 is several days.

4.2.2 Comparison M ethodology

It is unclear what physical region of the discharge plasma each Langmuir probe samples,
and it is therefore also difficult to determine what simulation data should be used for com-
parison to experimental results. In aninfinite, quiescent plasma, the probes would sample
the far away region of constant potential and electron density. Thus, in thisfirst cut com-
parison, the simulated data along the thruster centerline (which is the radial point furthest
from both channel walls) was considered to be the probe sampling region. Contour maps
of the plasma parameters as calculated by the ssimulation are presented in Figure 4.1. Also
pictured in each of the plots are the magnetic streamlines that intersect each of the eight
Langmuir probes tested in the low voltage configuration (bowed vertical lines). It iseasy
to see that these magnetic field lines have a curved shape. Because electrons are free to
move along these magnetic field lines, their shape must be considered. Therefore, when
comparing the probe results to the predicted plasma parameters along the thruster center-
line, one must compare to the plasma parameters at the intersection of the streamline orig-
inating from the appropriate probe with the thruster centerline. It isrecognized that thisis
only a first approximation and a finer simulation of the near probe region would be

required for a more rigorous comparison.
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Figure4.1 Contour plots of plasma parameters as determined the by the 2-D full PIC simulation at a
discharge voltage of 300V. The bowed vertical lines are the magnetic streamlines that inter-
sect each of the eight Langmuir probes tested in low voltage configuration. Top left: contour
plot of electron density. Top right: contour plot of electric potential. Bottom: contour plot of
electron temperature.

In making comparisons of the axial profiles of plasma properties, the full PIC data were
interpolated to a line at a radius of R=3.4cm, the centerline of the thruster channel. The
probe data were plotted at axial positions that correspond to the axia position of where
their respective magnetic streamlines intersect the thruster centerline. Note that the probe
positions are now in the simulation coordinates, instead of being measured from the
upstream edge of the outer exit ring. These coordinates are illustrated in Figure 4.1 with
the axial zero position placed at the base of the anode cone and the radial zero position

being on the centerline axis of the thruster. For example, probe number 3 in the low volt-
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age setup is located physically at Z=3.15cm, but the magnetic streamline intersecting that
probe crosses the centerline (R=3.4cm) at Z=2.71cm. Thus, the data point for probe 3 is
plotted at Z=2.71cm. The magnetic streamlines that intersect probes 1-2, the probes fur-
thest upstream in the thruster, do not intersect the thruster centerline, which was the case
in both the low and high voltage configurations. They are therefore not plotted in the

comparison of probe results to the code predictions along the channel centerline.

The actual probe positions along with the centerline positions followed from their inter-
secting magnetic streamlines are shown in Table 4.2. The positions are given in centime-

tersin the simulation coordinate system.

TABLE 4.2 Positions Used for Comparison of Probe Datato Simulation Data

L ow Voltage High Voltage
L ow Voltage Centerline High Voltage Centerline
Probe | Axial Position® | Axial Position | Axial Position | Axial Position
3 3.15 2.71 3.12 2.62
4 3.23 291 3.21 2.88
5 3.39 311 3.39 3.13
6 3.72 3.69 3.72 4.58
7 4.22 4.29 4.22 5.25
8 4.73 477 4.73 5.56
1. All positionsin thistable are in simulation coordinates and listed in centimeters.

4.2.3 Low Voltage Comparison Results

The probe data from both the low and high voltage test setups were compared to simula-
tion results. For the low voltage data, the probe data taken with discharge potentials of
300V and 400V were compared to simulation predictions for the same voltages. The axial
profiles of electron temperature, plasma potential and electron density can be found below.
As previously mentioned, probes 1 and 2 are not included in this comparison. The probes

compared are probes 3-8, numbering in the downstream direction as in Chapter 3.
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Figure4.2 Comparison of electron temperature results from the low voltage test
setup with predictions from the PIC simulation.
The low voltage comparison of electron temperature in Figure 4.2 shows good agreement
between the experimental results and the simulation. Electron temperatures are very close
to agreement in probes 5-8 and not far from agreement in probes 3-4. The trend of having
apeak electron temperature between probes 5 and 6 isreflected in the code results and can
be visually interpolated to fit well with the experimental results. However, the initial rise
in electron temperature measured from probes 3-5 seems to happen over a shorter axial

distance than in the simulation.

The comparison of measured plasma potential in the low voltage configuration to PIC
results pictured in Figure 4.3 shows very good agreement. The simulation seemsto start a
more gradual decrease in potential further upstream than the experimental results reflect,
but the trends match well.

The profiles of electron density in Figure 4.4 do not agree as well as the other plasma
properties. The peak density for the 300V experimental data is nearly 50 percent higher
than the peak density calculated by the simulation. The peak density measured for adis-
charge voltage of 400V matched well with the ssmulation, but both voltages showed
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Figure 4.3 Comparison of plasma potential results from the low voltage test setup
with predictions from the PIC simulation.
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Figure4.4 Comparison of electron density results from the low voltage test setup
with predictions from the PIC simulation.
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drastically different overall trends in density. The drop in density measured is much
sharper than in the simulation, especialy in the region between probes 4 and 5. The low
density measured at probe 5 may actually occur because of a wake effect, as previousy

mentioned in Chapter 3.

A relatively simple calculation based on a Prandtl-Meyer expansion fan emanating from
the sharp convex corner on the outer exit ring, where the chamfer begins, can help illus-
trate the wake effect mechanism. The turning angle of the flow (equal to the angle of the
chamfer) is about 50 degrees. If the incoming flow is assumed the be sonic, then the
decrease in density can be as great as an order of magnitude, depending on the ratio of spe-
cific heats, . If y=1.4 or even if »=5/3, the decrease in density is approximately an order
of magnitude. If yisonly unity, the decrease in density around the chamfer is still greater
than 50 percent. This type of wake effect can have a strong influence on the measured

density near thruster surfaces.

4.2.4 High Voltage Comparison Results

For the high voltage comparison, the probe data taken with discharge potentials of 300V,
600V and 900V were compared to simulation predictions for the same voltages. The axial
profiles of electron temperature, plasma potential and electron density can be found below.
The plot of electron temperature shown in Figure 4.5 shows better agreement at the lower
voltages than the higher voltages. Asin the low voltage comparison, the axial spread is
larger in the PIC data, with the probe data rising more sharply to peak temperature. There
is alarge axial distance of unprobed area between probes 5-6 because of the shape of the
magnetic streamlines near probe 6. This probe was placed at alarger radial position in the
high voltage setup and thus its intersecting magnetic streamline bowed out farther axially
at centerline.

The agreement in plasma potential shown in Figure 4.6 is very good in the region of
probes 3-5. The exterior probes match well at 300V, but not quite as well at the higher

voltages. Again, the probes measured a sharper profile of the acceleration region where
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Measured and Simulated Axial Profiles of Electron Temperature

70 T T T T T T
B 300V Measured
A 600V Measured
60 - 4 900V Measured
—— 300V Simulated
—+ 600V Simulated
50 —— 900V Simulated

I
o

30

Electron Temperature (eV)

./ ~——a— — & —5
| | | | |
3.5 4 4.5 5 55
Axial Position in Simulation Coordinates (cm)

N
3
w -

Figure4.5 Comparison of electron temperature results from the high voltage test
setup with predictions from the PIC simulation.
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Figure4.6 Comparison of plasma potential results from the high voltage test setup
with predictions from the PIC simulation.
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the potential falls quickly inthe axial direction. The PIC simulations show a more gradual
decrease in plasma potential that begins further upstream, spreading the width of the

acceleration region.

As with the low voltage comparison, the high voltage data of electron density shown in
Figure 4.7 only matches qualitatively near the internal probes. Probe 5 exhibits the wake
effect discussed earlier and the exterior probes demonstrate very little change in density in
the axial direction. The peak densities measured at 600V and 900V correlate well to the
peak densities calculated by the simulation, but the 300V peak density does not match as
well. The axial spreading of plasma parameters shows up again in this plot of electron
density, with the PIC predictions seemingly smearing the plasma discharge over a wider

axia distance than the probes measured.
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Figure4.7 Comparison of electron density results from the high voltage test setup
with predictions from the PIC simulation.
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4.2.5 Comparison Discussion

Another effect that may help to explain the discrepancies in electron density is the inter-
section angle of the magnetic streamlines. To arrive at an estimate of electron density, the
electron saturation current was determined and then the full physical probe area was used
to estimate the flux of electrons. However, the electrons are strongly contained by the
magnetic field. Given the electron temperatures measured and assuming the electron
velocity is determined by temperature alone, the Larmor radius (the radius at which elec-
trons gyrate about magnetic field lines) for a single electron can be determined from,

MVe

RLarmor = eB ) (41)

At the low voltage configuration probe positions, the Larmor radius varies between
approximately 0.1-0.4mm. The probe diameter in the low voltage setup is 0.508mm and
therefore, the Larmor radius is comparable to the probe radius and indicates that the mag-

netic field may play an important role in the trgjectory of the electrons.

When the magnetic field lines intersect the probe surfaces at an angle and the Larmor
gyrations are tight enough, the stream tube's effective area may be decreased. If the elec-
trons are considered as flowing through a tube that ends at an angle, then the cross section

of the tube determines the flux to the probe. The effective area would then be,

Ae = Ayc0s(0), (4.2

where 6 is the angle of the intersecting magnetic streamline to the normal of the surface,
asillustrated in Figure 4.8. Thisangle factor can be significant. The magnetic streamlines
shown in Figure 4.1 intersect the walls at the angles estimated in Table 4.3. These angles
are for the probesin the low voltage test setup. Thelargest angleis at the probe located on
the chamfer, where the largest difference between the simulation and the probe measure-
ments was observed. Figure 4.9 shows the effect this factor can have on the axial profile

of density and its comparison to the smulation in the low voltage case. Thefull correction
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shown corresponds to the limit where R gy mor<<Ryope Since these radii are actually com-
parable, the true correction should probably be intermediate. The correction does seem to
smooth out the density profiles and reduce the wake effect of the chamfer on probe 5.
However, even though the density measured at probe 5 matches the simulation better with
the correction, the probes further upstream seem to match worse with the stream tube cor-

rection. This effect is obviously not the only error, but it may be important.

B
0
A, <> A,

Figure4.8 lllustration supporting the magnetic stream tube angle
argument. The effective area of the probe is decreased
because the field line intersects the probe at an angle.

TABLE 4.3 Angle of Intersection of Magnetic Field
Lines with Probesin the Low Voltage Test Setup

Probe Angle (degrees)
1 73

59

47

40

76

18

21

19

o NO O WD
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Figure4.9 Axial profiles of electron density from the low voltage setup illustrating
the magnetic stream tube correction for angled magnetic streamlines.
An important consideration in comparing the probe measurements to the simulation
results is the determination of the actual sampling region of the probes. For a Langmuir
probe sitting behind a plasma sheath and pre-sheath, but in contact with an infinite plasma,
the probe samples the plasma parameters (e, V,, To) in the far away region. However, in
the relatively small discharge channel where the pre-sheaths from either side of the chan-
nel may in fact connect with each other, it is difficult to determine what plasma the wall
probes are sampling. In this work, the assumption was made that the probe "sees’ the
peak (centerline) potential, density and temperature along the local magnetic field line.
More analysis and modeling will be necessary to confidently resolve this important ques-

tion.

The axia plasma parameter plots comparing the simulation to the experimental data sug-
gest that the simulation is actually smearing the plasma over too wide of an axial region.
The measured electron densities tend to fall off much more sharply than the simulation
predicts, while the electron temperatures tend to rise more sharply than predicted. Fur-

thermore, the predicted plasma potential tends to decrease constantly from the anode,
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while the measured plasma potential along the internal discharge chamber remains rela
tively constant until the chamfer begins. This smearing of the main discharge is suggested
by other data presented elsewhere as well. lonization frequency measurements of the
BHT-1000 and their comparison to the 2-D full PIC ssimulation have been published previ-
ously and also suggest this same widening effect in the code [24]. This effect has also
been seen in the modeling of the Michigan P5 thruster being done at MIT. A comparison
of full PIC results for the P5 thruster with experimental data suggests that the main dis-
charge is much more axially confined than the code predicts. Inthe 1-D modeling done by

Ahedo, this smearing effect has been observed as well [26].

The widening of the discharge in simulations could be due to several effects. Too much
electron diffusivity may be a potential explanation. Computations using a classical anom-
alous Hall parameter of 16, or even 64, tend to diverge. The full PIC computations taking
place at MIT and Busek use anomalous Hall parameters closer to 200 (BHT-1000 thruster)
or even 400 (Michigan P5 thruster) in order to find a best fit of modeling resultsto reality.
A different explanation for the widening of the computed plasma profiles could be the
existence of unmodeled ionization enhancing mechanisms. The current PIC codes use an
ionization rate expression derived from the assumption of direct ionization by electron
impact from the atom's ground state. 1f a meta-stable state were present, it might be popu-
lated enough to allow even low energy electrons to ionize from it. Similar effects might
arise from trapping of ultraviolet radiation, which might over populate some upper excited

levels.

4.3 Peak Electron Temperature Analysis

The region of peak electron temperature occurred closest to probe 5 for most of the dis-
charge voltages tested. The dependence of the peak electron temperature on discharge
voltage is less than proportional, as shown in Figure 4.10. The measured plot is taken

from probe 5 in the high voltage setup, while the smulated data are taken as the peak elec-



104 ANALY SISAND DISCUSSION OF RESULTS

tron temperature calculated in the near exit plane region. Both the experimental and the

simulation data were fitted with power laws of the form,

T. = ad,", (4.3)
d

e

where a and n are both constants and the electron temperature is in units of electronvolts.
The constants were determined by anchoring thefit to the end points of the data, which are
at 300V and 900V for both the experimental and simulation data. The equation for each
fit isshown in Figure 4.10. It is easy to see that, unlike the experimental data, the simu-
lated electron temperature actually begins to rise faster as discharge voltage is increased.
Most of the probes used in the high voltage setup showed a near linear (but not propor-
tional) dependence of electron temperature on discharge voltage, except at probe 4. This
probe was found to have an almost constant electron temperature for al discharge voltages
tested above 300V.

Peak Electron Temperature vs. Discharge Voltage
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Figure4.10 Plot of the peak electron temperature measured and simulated versus dis-
charge voltage. Each set of data has been fit with a power law function.
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The shape of the curves in Figure 4.10 have important significance for thruster designers
and modelers. Because the electron temperature actually levels off as discharge voltage
increases, erosion rates of the ceramic discharge walls will also level off with increasing
discharge voltage. Thisleveling off arises because the strength of the voltage drop across
the sheath is proportional to the electron temperature. Asthis sheath potential drop grows,
ions strike the wall with more energy and cause increased sputtering upon impact. How-
ever, if the sheath drop growth is slowed with discharge voltage, the increase in erosion
rate will low aswell. The electron temperature is also closely related to the plume diver-
gence angle. The tangent of the divergence half angle is generally regarded as being pro-

portional to the square root of electron temperature divided by discharge voltage,

Te

because electron temperature typically controls radial expansion while discharge voltage
determines the axial acceleration of the plume. It isinteresting to note that if electron tem-
perature behaves as suggested by the power law fit, the plume divergence angle will
decrease with increasing discharge voltage. This phenomenon exists because the electron

temperature is less than proportional to the discharge voltage.

One mechanism that might explain the discrepancy between the experimental and simula-
tion data trends is secondary electron emission from the ceramic discharge chamber walls.
As high energy electrons impact the boron nitride exit rings, low energy electrons are
gjected into the plasma. If there is more secondary electron emission in redlity than is
modeled in the smulation, the bulk electron temperature would be reduced. As discharge
voltage increases, electron temperature and energy increases as does the amount of sec-
ondary electron emission. It is possible that the PIC simulation does not account for all

the secondary emission actually taking place within the thruster.
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4.4 Azimuthal Variation of Plasma Properties

As previously mentioned, the interior five probes were spaced apart azimuthally to pro-
vide greater separation between the probes. This separation was done to ensure that there
was no interaction between the probes that would affect the measurements. Although
there were no specific tests performed to determine the azimuthal variation of plasma
properties, the high and low voltage test setups utilized different azimuthal positions for
probes 1-5 (see Table 3.2 and Table 3.3). Though the axial positions were also dlightly
different, a comparison of results can still be made. This comparison can be utilized to
make someinitial evaluations of the effect of azimuthal position on the probes. It can also
be used to investigate the repeatability of test conditions between thruster firings.

The axial profiles of plasma properties should only be compared at the first five probe
locations because the radial positions of the exterior probes were drastically different and
therefore did not sample similar plasma regions. Comparisons were made for discharge
voltages of 300V and 400V. Since there was no 400V data taken in the high voltage test-
ing, a Lagrangian interpolation was used to produce 400V data from data taken at 300V,
450V and 600V. The axial profiles of electron temperature shown in Figure 4.11 match
well at 300V in probes 1-5. The peak temperatures are very close in magnitude and the
trends of rising electron temperature inside the channel are very similar. The 400V data
do not match quite as well, but if the 400V data from the high voltage test were to have a
peak between probes 4 and 5, it might be closer to the peak measured in the low voltage
test. Thetrends are similar, but the high voltage data seems to begin the temperature rise

further upstream.

The axial profiles of plasma potential and floating potential are compared in Figure 4.12
and Figure 4.13, respectively. In the regions of probes 1-4, the magnitudes of the poten-
tials and the trends match very well, indicating that the plasma is similar over azimuthal
angles. Some discrepancies arise at probe 5, and obviously large discrepancies occur in

the outer probes due to their highly disparate locations between tests. It isimportant to
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Comparison of Electron Temperature Profiles
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Figure4.11 Comparison of axial profiles of electron temperature taken during the two
different Langmuir probe tests.
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Figure4.12 Comparison of axia profiles of plasma potential taken during the two dif-
ferent Langmuir probe tests.
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Comparison of Floating Potential Profiles
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Figure4.13 Comparison of axial profiles of floating potentia taken during the two dif-
ferent Langmuir probe tests.
keep in mind that these separate tests were performed using different testing procedures
and exit rings. The low voltage test was ordered in ascending discharge voltage (approxi-
mately), while the high voltage test was ordered in descending discharge voltage. Further-
more, the high voltage test used a newly manufactured exit ring with a sharp chamfer cut,
while the low voltage test was performed with an older exit ring, which had a chamfer

with rounded corners due to erosion.

The axial profiles of electron density are compared in Figure 4.14. Obvious differencesin
measured density were observed between the two different tests, as well as markedly dif-
ferent trends along the axial direction. One possible explanation for these differencesis
that the order of testing in the low voltage case may have meant that deposited layers were
still being eroded from the exit ring surface during probe measurements, changing the test
conditions. The data taken in the high voltage test were taken after many hours of thruster
operation at high voltages where the high density discharge likely cleaned the exit ring
surface before the data were recorded. Another possible explanation would be differences

in azimuthal placement of the probes, although the former reason seems more likely since
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some of the other plasma properties measured (particularly in the 300V data) indicate that

there were no significant differences. It is clear that though azimuthal variation of the

plasma properties seems unlikely, it cannot be ruled out.

x 10

17 Comparison of Electron Density Profiles

18

16 -

I -
o N
T T

©
T

Electron Density (m‘3)

o<o>0O

T T
Low Voltage Test 300V
Low Voltage Test 400V
High Voltage Test 300V
High Voltage Test 400V

Figure4.14

T T
2 4 6 8 10
Axial Position (mm)

12

i
14

i
16 18

20

Comparison of axial profiles of electron density taken during the two dif-

ferent Langmuir probe tests.



110 ANALY SISAND DISCUSSION OF RESULTS




Chapter 5

CONCLUSION

5.1 Conclusions

Performance testing and internal probe measurements were performed to support the
ongoing development of computational models. The BHT-1000 was performance tested
in both the single and two stage anode configurations. Specific impulse was shown to
exceed 3000s at a discharge voltage of 1000V, while thrust efficiency was better than 50
percent. Two stage operation was shown to give some advantages in specific impulse and

efficiency, although the amount of two stage testing was limited.

Internal probe measurements were made to determine axial profiles of plasma properties.
These profiles were then compared to recent results of two dimensional particle-in-cell
simulation of the BHT-1000. Experimental data compared well with results of the simula-
tion, particularly in electron temperature and plasma potential results at lower voltages.
Peak electron temperature was shown to depend on discharge voltage through a power law
relationship for both the measured data and simulated plasma properties. However, the
relationship between electron temperature and discharge voltage differed dightly between
the experimental and simulated data. The peak electron temperature measured was less
than proportional to discharge voltage, while the simulated value was actually more than
proportional. The plots of electron density showed that there are still improvements to be
made in the model, and that the simulation may in fact be "smearing" the plasma over too

wide of an axia range. Despite some discrepancies in data between the experiment and

m
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simulation, the probe measurements proved to be valuable data for code validation and

benchmarking of the current status of theoretical models.

5.2 Recommendations

A few recommendations for further work in this area of research can be made. First, a
thorough repetition of this work would be beneficial to fully determine the variability of
results between test firings of the thruster. Qualitative observations made during this
research have shown that it is difficult to repeat test conditions with very good accuracy.
Second, an independent confirmation of results through a different type of experiment
would add confidence to the findings presented here. This validation could be achieved
through the use of emissive probes to determine plasma potential, or possibly optical
methods to determine electron temperature and density. Third, this type of interna dis-
charge probing could be used to determine plasma properties in the thruster while operat-
ing in the two stage configuration. The comparison of single and two stage profiles of
plasma properties would be helpful in evaluating the effectiveness of two stage operation
in separating the ionization and acceleration mechanisms. Finaly, a study that correlated
the plasma properties with thruster performance would be a helpful analysis for future

thruster designers.
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