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ABSTRACT

While the closed-drift Hall thruster (CDT) offers significant improvement in performance
over other electric propulsion (EP) systems such as the arcjet and resistojet, its potential
impact on other spacecraft systems must be carefully assessed before widespread
implementation of it can take place. To this end, many of the potentially unique issues that
are associated with these thrusters center on their plume characteristics. Possible impacts
include momentum losses due to plume impingement upon spacecraft systems; thermal
loading of spacecraft surfaces; induced environmental effects on electrical,
communications, and navigation systems; and possibly electromagnetic contamination due
to radiated or near-field plume emissions.

With this in mind, a proposal for an experimental program to access the potential of CDTs
to interfere adversely with earth-orbiting spacecraft operations and communications was
presented to the Air Force Offices of Scientific Research (AFOSR). We proposed to make
careful CDT plume plasma parameter measurements and to assess their impact on
communication and navigation systems by making electromagnetic interactions
measurements. This study was deemed necessary to enable CDTs to be used on future Air_
Force spacecraft for station-keeping, orbit repositioning, and orbit raising.

The program utilized the experimental facilities at the University of Michigan's
Plasmadynamics and Electric Propulsion Laboratory (PEPL), the centerpiece of which is a
9-m-long by 6-m-diameter diffusion pumped vacuum chamber that is the largest tank
devoted solely to propulsion research at any university in the country.

The main features of the proposed effort are:

e To use a variety of probe diagnostics throughout the CDT plume to measure plasma
properties, ion energy distribution, current density, plasma potential, pressure, and heat
flux; and

e To use a modern microwave propagation system to characterize the influence that the
thruster plume has on communication signals.

e To collaborate with and provide plume plasma transport parameters to plume modelers
such as Professor Daniel Hastings of MIT.

This work represents a three year multidisciplinary effort that included two students and
two professors, one pair each, from the University of Michigan's Aerospace Engineering,
and Electrical Engineering and Computer Science Departments.

In addition to the knowledge obtained from fundamental research, an important outcome of
this effort was expected to be the development of diagnostic tools/capabilities that can
afford an impact assessment of EP devices on spacecraft systems. Early assessment of
systern impact is critical to achieving acceptance of new EP technologies and to efficiently
direct development efforts.




INTRODUCTION

Propulsion systems having high exhaust velocities (Isp > 1000 seconds) are desirable for a
variety of space missions. In order for a propulsive system not to require an inordinate
amount of propellant, its exhaust velocity should be of the same order as the characteristic
velocity increment (AV) required for a given space mission. Studies have shown that for
orbit transfer missions of interest by NASA and the DOD, a characteristic velocity
increment of over six kilometers per second may be necessary[1]. Furthermore, experience
gleaned from operation Desert Storm shows the need for military space assets to be rapidly
repositioned without excessive use of onboard propellant.

Cryogenically fueled chemical rockets which rely on the intrinsic energy available from the
chemical reactions of their constituent propellants are inherently limited to specific impulses
of 500 seconds. Chemical rockets which use space-storable fuels such as hydrazine with
nitrogen tetroxide are limited to specific impulses of 300 seconds. Thus, propulsion
systems which produce specific impulses considerably higher than those obtained with
chemical systems would benefit a variety of orbital space missions. h

Ideally, an engine which would be used as the primary source of propulsion for satellite
station-keeping and orbit repositioning in modern spacecraft should have an Isp between
1000 and 2500 seconds[2]. To achieve this performance, a propulsion system must
accelerate its propellant gas without relying on energy addition through chemical reactions.
One approach is the application of electrical energy to a gas stream in the form of electrical
heating and/or electric and magnetic body forces. This type of propulsion system is
commonly known as electric propulsion.

Electric propulsion can be categorized into three groups[3]:
1. Electrothermal Propulsion Systems in which a gas is electrically heated, either with

resistive elements or through the use of an electric arc, and is subsequently expanding
through a supersonic nozzle to produce thrust;

2. Electromagnetic Propulsion Systems which use electromagnetic body forces to
accelerate a highly ionized plasma; and

3. Electrostatic Propulsion Systems which use electrostatic forces to accelerate ions.

In addition to possessing suitable exhaust velocity, an electric propulsion system must also
be able to convert onboard spacecraft power into directed kinetic power of the exhaust
stream efficiently (i.e., possess high thrust efficiency) and must generate suitable thrust to
ensure reasonably short deployment times.

Electrothermal systems have limited utility for this role because of performance constraints
placed on them by excessive frozen flow and electrode losses[4-6]. The specific impulse
and thrust efficiency of arcjets operating on space-storable propellants is limited to less than
700 seconds and 41%, respectively. Steady-state electromagnetic systems have
demonstrated high thrust efficiencies only at power levels that far exceed those generated
onboard current spacecraft[7-8]. However, researchers at the NASA Lewis Research
Center (LeRC) and the University of Michigan have evaluating pulsed
magnetoplasmadynamic (MPD) thrusters as a means of propelling orbit transfer vehicles
with moderate solar power supplies (10 kW).




Gridded electrostatic (ion) engines, which can achieve large specific impulses (>5000
seconds) at high thrust efficiencies (>65%), have traditionally demonstrated efficient
performance at exhaust velocities above 3000 seconds[2,9,10]; beyond the desired range
for orbit transfer missions. The high specific impulse of the ion thruster means that for a
given spacecraft power level, it will generate less thrust than a lower Isp counterpart,
resulting in larger trip times. Furthermore, ion engines pay a penalty for its high power
processing specific mass due to its large operating voltages (e.g., 1200 V) and are limited
in thrust density by space-charge effects[2].

Therefore, the ideal propulsion system for orbit transfer missions and for satellite station-
keeping is one that efficiently accelerates propellant (e.g., through electrostatic means) to
modest exhaust velocities while requiring discharge voltages of less than 1000 V. As is
shown below, the Hall thruster is a device which fulfills these requirements.

THE HALL THRUSTER

The Hall thruster is an electrostatic engine that was developed in the 1960's to allev1ate the
thrust density limitation of ions engines that results from space-charge effects within the”
acceleration volume between grids. Hall thrusters were also attractive from the standpoint
that since grids are not required to accelerate ions, they do not suffer from the large grid
erosion rates of the

ion engines. Interest in the Hall thruster waned in the early 1970's, however, because of
budgetary cuts and because American researchers were never able to demonstrate that these
engines could operate at thrust efficiencies near those achieved with ion thrusters[11-13].
As such, Hall thruster research essentially disappeared in the U.S. between 1972 and
1985. From 1985 to 1990, Ford Aerospace (now Space Systems/Loral), in conjunction
with NASA, funded a small research effort to determine if Hall thrusters could be used for
North-South station- keepmg (NSSK)[14]. This program proved to be unsuccessful and
was abandoned.

Throughout this period, however, Hall thruster research flourished in the Soviet Union.
Hall thrusters were first tested in space in 1971 with immediate success[15,16]. Since then,
over fifty Hall thrusters are claimed to have been used onboard Soviet spacecraft, mostly as
plasma contactors and for East-West station-keeping. Because of experiments which show
that Russian Hall thrusters are capable of generating specific impulses of 1650 seconds at
thrust efficiencies of 50%[17,18], there has been a great deal of interest in using them on
American spacecraft for NSSK and for orbit repositioning. Clearly this device, with
performance far superior to that of arcjets, which is the most advanced propulsion system
currently in use on American spacecraft, would not only serve as an excellent thruster for
orbit station-keeping and repositioning roles, but potentially could be scaled in power to
propel orbit transfer vehicles and future planetary probes.

THE CLOSED-DRIFT HALL THRUSTER

There are two types of Hall thrusters that have been studied at great lengths, the end-Hall

thruster and the closed-drift thruster (CDT). Both engines, in principle, are capable of

producing specific impulses in excess of 1500 seconds with xenon at a thrust efficiency of

approximately 50%. However, it is the CDT, which has been developed and used in the

former Soviet Union over the past twenty years, that is of the most interest to the Western
" space technology community.

The CDT is a coaxial device in which a magnetic field that is produced by an electromagnet
is channeled between an inner ferromagnetic core (pole piece) and outer ferromagnetic




ring. This configuration results in an essentially radial magnetic field with a peak strength
of a few hundred gauss. This field strength is such that only the electrons are magnetized.
In addition, an axial electric field is provided by applying a voltage between the anode and
the downstream cathode. As the electrons stream upstream from the cathode to the anode,
the ExB action on the electrons causes them to drift in the azimuthal direction, forming a
Hall current. Through collisions, these electrons ionize propellant molecules which are
injected through the anode and that are subsequently accelerated by the axial electric field.
The mixture of electrons and ions in the acceleration zone means that the plasma is
electrically neutral, and as such, is not space charge limited in ion current (thrust) density.
Since the magnetic field suppresses the axial mobility of the electrons while exerting
essentially no effect on the ion dynamics, the plasma can support an axial electric field with
a potential difference close to the applied voltage between the electrodes. Thus, the bulk of
the ions are accelerated to kinetic energies to within 80% of the applied discharge voltage.
This combination of processes accounts for the CDT's high thrust efficiency.

Russian CDTs come in two variants; the stationary plasma thruster (SPT) (also known as
the magnet layer thruster) such as the SPT-100 and the thruster with anode layer (TAL)
such as the D55. The main difference between these two devices is that the SPT uses a
dielectric coating to electrically insulate its acceleration channel while the TAL uses a much™
shallower channel enclosed within metal walls. Performance characteristics of both engines
are virtually identical . Although they vary in size and input power (e.g., 7-cm-in-diameter
at 660 W to 20-cm-in-diameter at 6 kW), CDTs that are currently being considered for
satellite NSSK, LEO satellite orbit transfer, and end-of-life disposal roles typically operate
at discharge voltages of 300 - 400 V, thruster currents of 3 - 6 A, and xenon mass flow
rates of 4 - 7 mg/s.

Even though CDTs have characteristics that make them ideal for orbit repositioning and
orbit transfer applications, these devices have specific problems which make the integration
of them with spacecraft a challenge. It was understood at the time that before CDTs were to
be used in the West, these problems would have to be addressed. This was the primary
motivation for this work.

MOTIVATION FOR RESEARCH

Although CDTs have performance characteristics that make them attractive for earth
orbiting missions, the complex nature of their operation is a source of concern from a
_ spacecraft integration point-of-view. For example, CDTs that use dielectric channel
coatings suffer from excessive insulator erosion. Much of this erosion is due to sputtering
from energetic ions near the exit of the discharge chamber[19]. Such erosion poses a
potential hazard to spacecraft operation since ablated insulated material could coat vital
spacecraft surfaces like solar arrays and communications antennas.

In addition, there is further concern that the spacecraft could be damaged by side or back-
scattered exhaust ions. The ions accelerated by the thruster travel at Kinetic energies in
excess of 200 eV[20]. Since a significant fraction of the exhausted particles travel at angles
in excess of 45 degrees from the thruster axis, plume divergence not only detracts from
engine performance due to cosine losses, but also results in damage to the spacecraft due to
sputtering.

The erosion/deposition characteristics in the plume of CDTs are quite complex.
Experiments have shown that in the central region (<45 degrees) of the plume, the energetic
ions tend to remove deposited materials from structures in such a way that the net erosion
rate overwhelms the surface deposition rate of thruster effluent material[21]. At higher
angles with respect to the thruster axis of symmetry, however, the opposite is true: That s,
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the plume tends to remove material from objects placed near its axis of symmetry, and
deposits matter on objects at higher angles. The exact location where this transition occurs
(and what parameters it may depend on) remains unknown.

Furthermore, the exhaust of a highly ionized plasma from a spacecraft in low earth orbit
may affect the electrodynamics of the spacecraft and its communication systems. Russian
researchers have claimed that the operation of the engine yields “subtle changes” of the
spacecraft's potential with respect to the ambient plasma[15]. This phenomenon may affect
the electronics of the satellite by causing excessive spacecraft charging or coupling of
plasma noise into the spacecraft structure[22]. This is of particular concern to developers
of LEO satellite constellations (e. g Teledesic) who may wish to use CDTs for a variety of
roles.

There is also concern that the highly ionized plume might interfere with the transmission of
radio waves. The impact of thruster plasma plumes on electromagnetic signals in the near-
field of onboard antennas and receiving systems is of concern to spacecraft designers. Air
Force spacecraft radio frequency (RF) systems can include: communications, radar,
surveillance, and navigation (Global Positioning System). The spacecraft designer must_
know whether these RF systems will be degraded and whether the impact of compensating
for the degradation outweighs electric propulsion's inherent advantages. Typical radio
wave-plasma interactions of concern include: reflection or refraction of a
transmitted/received signal, attenuation and phase shift (scintillation), and generated noise
on both signal amplitude and phase. Possible system impacts include: signal-to-noise
degradation (amplitude degradation, phase noise), degradation of the antenna main beam
and side lobe, and reduced cross polarization isolation (linearly polarized systems only).
This could result in increased bit-error-rates (BER) for communication systems, degraded
radar images/signatures for radar systems, higher threshold for surveillance systems, and
increased range and location errors for RF navigation systems.

Studies to-date of low to moderate power arcjets (1 - 2 kW) have generally concluded that
minimal impact to communication systems is expected [23-25]. This conclusion, however,
although somewhat intuitive for the weakly ionized low-power arcjet plumes with relatively
low plasma densities and collision frequencies, cannot be generalized to higher power
arcjets or CDT systems. Electron number densities associated with CDTs are at least one
order of magmtude higher than arcjets of comparable power[ZO 25] achieving levels on the
order of 10" m™ at 0.3 m from the thruster and 10" m™ out to 2-4 m. This corresponds to
plasma frequencies of 2.8 GHz and 90 MHz, respectively. Above the plasma frequency
the plasma mostly appears like a low-loss dielectric while below the plasma frequency the
plasma plume is totally reflecting. Although several military space frequency bands are
above these plasma frequencies, some space based radar bands and the Global Positioning
System (GPS) navigation signals are in the 1 to 2 GHz range and thus are highly
susceptible to the thruster plume plasma. Knowledge of the far-field plasma distribution is
therefore critical to proper spacecraft systems design. In addition, it is possible for signals
operating above the plume plasma frequency to suffer degradation due to scintillation
effects, or density irregularities in the plume[26]. Thus, critical for understanding the
potential impact to spacecraft RF systems will be a full spatial characterization of the CDT
plume plasma.

PROPOSED RESEARCH PROGRAM

This research represents an attempt to combine experienced researchers in the field of
electric propulsion and RF systems in an experimental program using state-of-the-art
diagnostics in a world-class vacuum facility. The research program was composed of two
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principal activities: i) a detailed survey of plume plasma and transport properties in the far-
field of the thruster; and ii) a detailed assessment of the impact thruster operation may have
on RF signals for spacecraft communications, radar, surveillance, and navigation systems.
All measurements were performed on a 1.5-kW-class CDT with xenon as propellant.

PLUME CHARACTERIZATION

The focus of these measurements was to investigate the local plasma properties of these
engines to try to gain a better understanding of the local plasma environment for future
spacecraft integration activities. The following experiments were performed to characterize
the plume of CDTs, many of which were also performed on arcjets and end-Hall thruster
plumes[27-29]. To characterize the plume we:

. Used Langmuir probes to measure electron temperatures, electron and ion number
densities, and plasma potentials. This information is needed for theoretical and
experimental electromagnetic interference (EMI) and RF systems impact assessment
studies. -

. Used emissive probe measurements to map the plasma potentials throughout the plume.
This information was used in plume modeling activities.

. Used water-cooled enthalpy probes to measure heat flux at various locations within the
plume. This study determined the potential of the plume to heat spacecraft structures
and was used in characterizing energy transport throughout the plume.

. Used a microwave interferometer to measure electron number density. Since
microwave interferometry is the standard means of measuring the electron number
density, against which other techniques are compared, these experiments represented
the most accurate CDT plasma density measurements to date.

. Used Faraday cups to measure ion current density through the plume, particularly at
high flow angles. This information is of interest from a general spacecraft integration
point of view since CDT plume properties data at high angles (>80 degrees) is lacking.

. Used a retarding potential energy analyzer (RPA) to measure ion energy distribution.
This information is crucial for developing accurate surface erosion models since
material sputtering yields are energy-dependent.

. Used free molecular probes (FMP) and impact pressure probes to measure the
stagnation pressure throughout the plume. These data were useful in estimating the
forces that other spacecraft components (e.g., solar arrays) may experience due to
plume impact. These forces, if not accounted for, could impart unwanted torques to the
spacecraft which could result in additional (and unanticipated) propellant use.

. Used various emission spectroscopic techniques to measure electron temperatures and
qualitatively identify species throughout the plume.

. Developed and used a Molecular Beam Mass Spectrometer (MBMS) to identify, and
determine the density and energy distribution of a variety of species in the CDT plume.
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RF SIGNALS IMPACT STUDIES

The goals for this aspect of our research were to characterize the local plasma environment
of these engines for their potential impact on RF signals for communication, radar, and
navigation systems. It was expected that this information would be used to help address
future integration activities of spacecraft RF systems.

We planned on performing the following experiments based primarily on the proven
microwave interferometric system developed by us to make highly accurate plasma density
measurements[29]. The design of this interferometer, using a network analyzer with
up/down frequency conversion, is highly flexible and cost effective for covering a broad
frequency range. With straight forward modifications to the up/down converter circuit and
antennas it is be possible to conduct measurements from below 1 GHz up to at least 35
GHz. We selected L- (1.6 GHz) and Ku-band (17 GHz) for conducting the following
detailed measurements.

1. RF signal induced phase shift as a function of location and angle in the thruster plume.
This is a direct measure of the plume impact on the signal and its potential for scattering
electromagnetic waves as well as range or group delays of importance to radio
navigation systems. Details of the response will depend both on plasma density levels
and their gradients.

2. REF signal attenuation as a function of location. Line-of-sight signal attenuation will
become significant for signals near the plasma frequency of the local plasma primarily
due to scattering.

3. Induced phase noise (scintillation) on RF signals. Time varying inhomogeneities in the
plasma plume can result in phase and amplitude variations (scintillation), Doppler
frequency fluctuations, spectral broadening, and angular broadening. A measure of
induced phase noise in the plume provides a direct measure of the extent of impact on
phase sensitive systems.

4. Antenna pattern modification. It has been noted by others that a likely impact due to
thruster plumes is some level of refraction or modification of antenna main and side
lobes[23,25]. Because the metal surfaces of the vacuum chamber can create unwanted
artificial reflections, measurements were based primarily on comparison between
responses with and without the plasma plume.

VACUUM FACILITIES

All experimental work was performed at the Plasmadynamics and Electric Propulsion
Laboratory (PEPL). The comerstone of this laboratory is the Michigan Large Chamber
Plasma Facility (MLCPF). The MLCPF is a large oil diffusion-pumped vacuum chamber
(9-m-long by 6-m-diameter) with a pumping speed of 27,000 I/s on xenon. The chamber
has recently been upgraded with cryopumps to achieve a xenon pumping speed of 140,000
1/s.

The large size of this chamber allows us to make these measurements within an extensive
volume of the plume that spans from a few millimeters to more than 7 meters from the
thruster exit plane. Because of the flexibility of our test facility, we were also able to make
many of these measurements at extreme angles with respect to the thruster axis. These
capabilities enabled us to make among the most comprehensive characterizations of the
CDT plume ever.




THRUSTER SOURCES

Only a handful of Russian CDTs such as the SPT-100 and the D55 are available in the
United States and all of them are in great demand. By far, the largest purchaser of CDTs
up to now has been the Ballistic Missile Defense Organization (BMDO), which contracts
NASA LeRC and the Jet Propulsion Laboratory (JPL) to test them. In addition, Space
System/Loral (SS/L) has purchased several SPT-100s for use in developing a flight-
qualified PPU, and Teledesic, Inc. will issue a contract to purchase more than 1000 CDTs.

Most of our measurements were taken with the FAKEL SPT-100, a laboratory SPT
developed by the Moscow Aviation Institute (MAI) that is roughly equivalent to the
FAKEL SPT-100, and the TsNIIMASH D55 TAL. Most of the results presented below
were taken with the SPT-100.

COLLABORATION WITH COMPUTER CODE DEVELOPERS

In order to obtain a better understanding of CDT plume physics, careful experimentation
coupled with sophisticated numerical modeling would be highly beneficial. To this end, our
activities included collaborating with a group of researchers at MIT, headed by Professor
Daniel Hastings, who are developing a 3-D particle-in-cell (PIC)/direct-simulation Monte
Carlo (DSMC) code to model the plume of CDTs. Specifically, we provided plume
parameters (e.g., current density and ion energy distribution) for them to incorporate into
their codes. They then used this code to model the expansion process of low-energy
charge-exchange ions and contaminants and to study the interaction of these particles with
dielectric surfaces in free space.

OVERVIEW OF FORMAT OF REPORT DOCUMENT

The remaining sections of this report contain stand-alone documents which highlight key
contributions of our work. Section I presents our work in measuring transport properties
in the plume of the SPT-100. Section II highlights work done to measure the impact the
plasma plumes of the SPT-100 and the MAI SPT have on communication signals. Section
I presents microwave interferometry data taken with the SPT-100 and the MAI SPT.
Section IV describes our efforts to develop a molecular beam mass spectrometer to
characterize the plume of the D55 thruster. Section V describes the ion acoustic wave
technique for measuring ion drift velocities in the plume of the SPT-100.

SECTION I: TRANSPORT-PROPERTY MEASUREMENTS IN THE
PLUME OF AN SPT-100 HALL THRUSTER

Abstract :
In order to understand the interaction between the SPT-100 thruster and the spacecraft, accurate knowledge of
exhaust plume properties must be obtained. This investigation utilized a suite of inter-related diagnostic
probes in an effort to provide detailed knowledge of the exhaust plume on a molecular kinetic level. Probes
used for the investigation included a Retarding Potential Analyzer (RPA), a planar Faraday probe, an
emissive probe, both total- and radiant-heat-flux probes, as well as a newly developed Neutral Particle Flux
probe. Combining knowledge gained from these probes, it was possible to quantify the transport of mass,
energy, and charge within the plume at 0.5-m and 1.0-m radius from the thruster exit. Among the
phenomena uncovered were a high-energy ionic annulus surrounding a narrow low-energy core within the
plume at 0.5-m radius from the thruster exit. This core structure was filled in at 1.0-m radius.




Additionally, a population of energetic charge exchange neutrals was found within 25 deg. of the thruster
centerline along with the corresponding low-energy charge exchange ions attributed to plume/background
gas interactions.

SECTION II: ELECTROMAGNETIC SIGNAL MODIFICATION IN A
LOCALIZED HIGH SPEED PLASMA FLOW: SIMULATIONS AND
EXPERIMENTAL VALIDATION OF A STATIONARY PLASMA
THRUSTER (SPT)

Abstract

High frequency electromagnetic signals are modified by plasmas primarily through strong density gradients
or by densities approaching the critical plasma density. A plasma can potentially degrade an
electromagnetic based system through signal attenuation as well as added amplitude or phase noise. This
paper reviews the physical mechanism and applies a general ray tracing modeling method to understand the
possible phase shift, attenuation, phase modulation, and amplitude modulation produced by the localized,
high speed plasma flow of a stationary plasma thruster (SPT). The SPT is currently being tested and
considered for use aboard next generation spacecraft where careful consideration must be given to possible _
interactions with satellite electromagnetic systems such as for communication, navigation, and remote-
sensing. The study also models the rather significant plume impact to phase and amplitude for lower
frequencies. A summary is provided of ray tracing simulations characterizing both phase and amplitude
effects at frequencies from 0.5 to 17 GHz and axial positions from 0.25 m to 1.5 m. The results correlate
well with known data.

SECTION III: MICROWAVE PLUME MEASUREMENTS OF
A CLOSED DRIFT HALL THRUSTER

Abstract

The plasma plume from a closed drift hall thruster has been characterized using a 17-GHz microwave
diagnostic system. Electron number density profiles are obtained throughout the thruster plume via
differential phase measurements. A functional model of plasma density has been developed combining a
near-field Gaussian beam term and a far-field point source expansion term. An outcome of this work is a
mapping of the transition region between the near- and far-field plume. An indication of slight plume
asymmetry is obtained by evaluating total integrated density measurements along rays emanating from the
thruster. Additional have determined the plasma plume effect on attenuation and spectral characteristics of a
wave transmitted through the plume. The attenuation was small, with slightly over 2 dB loss at 0.09 m
along the thruster axis. However, ray tracing attenuation modeling based on plasma density profiles
indicates a greater effect for lower frequency operation. The spectral data of the signal transmitted through
the plume exhibited clear 26-kHz harmonic sidebands and added broadband noise. Estimates of potential
impact to communication and other electromagnetic satellite systems can be obtained directly from the
measurements and from the electron number density distribution models derived from the measurements.

SECTION 1IV: A MOLECULAR BEAM MASS SPECTROMETER FOR
HALL THRUSTER PLUME STUDIES

Abstract
To assess the interaction due to the direct impingement of the ions on spacecraft surfaces it is necessary to
accurately quantify the ionic transport properties as a function of spatial coordinates around the thruster.
These data can be combined with surface interaction models to predict surface erosion, contamination, and
heating rates. Previous studies have used probe-based techniques to obtain the transport of mass, energy,
and charge on a global (species-independent) scale within an extensive volume of the plume. This paper




presents preliminary data from an effort to further improve the probe-based quantities by extending the data
to species-dependent measurements of transport properties. The construction of the Molecular Beam Mass
Spectrometer (MBMS) reported herein was motivated by the shortcomings discovered in the previous probe-
based techniques. The probe data has proven very useful, however, like any diagnostic technique they are
subject to limitations. Although the MBMS system is subject to its own inherent imperfections, these
limitations are different from and complimentary to the probe-based techniques.

SECTION V: PROPAGATION CHARACTERISTICS OF AN
ION ACOUSTIC WAVE IN A FLOWING PLASMA

Shawn G. Ohler, Brian E. Gilchrist, Alec D. Gallimore
University of Michigan, Ann Arbor, MI

Abstract

Ton acoustic wave propagation is characterized for excitation by a cylindrical wire probe in a flowing. The
characterization provides the understanding necessary to develop a new diagnostic technique to estimate the
flow velocity and the sum of electron and ion temperature. These quantities are important in understanding _
general plasma physics and specifically for characterizes electric propulsion thrusters. General propagation
and excitation characteristics are explored by varying the probe size and stimulus potential in order to
determine a reasonable experimental situation. The propagation characteristics are interpreted and compared
with previous results which indicate a dependence on the probe wake in addition to the basic ion acoustic
wave dispersion relation. The results have potential implication to wave-wake phenomena for spacecraft
applications
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THE PLUME OF AN SPT-100 HALL THRUSTER

Lyon B. King", Alec D. Gallimore', and Colleen M. Marrese’
Plasmadynamics and Electric Propulsion Laboratory
Department of Aerospace Engineering
University of Michigan, Ann Arbor, MI USA

Abstract

In order to understand the interaction between the SPT-100 thruster and the
spacecraft, accurate knowledge of exhaust plume properties must be obtained.
This investigation utilized a suite of inter-related diagnostic probes in an effort
to provide detailed knowledge of the exhaust plume on a molecular kinetic
level. Probes used for the investigation included a Retarding Potential
Analyzer (RPA), a planar Faraday probe, an emissive probe, both total- and
radiant-heat-flux probes, as well as a newly developed Neutral Particle Flux
probe. Combining knowledge gained from these probes, it was possible to
quantify the transport of mass, energy, and charge within the plume at 0.5-m
and 1.0-m radius from the thruster exit. Among the phenomena uncovered were
a high-energy ionic annulus surrounding a narrow low-energy core within the
plume at 0.5-m radius from the thruster exit. This core structure was filled in at
1.0-m radius. Additionally, a population of energetic charge exchange neutrals
was found within 25 deg. of the thruster centerline along with the
corresponding low-energy charge exchange ions attributed to plume/background
gas interactions.

Nomenclature

= Area of RPA collector (m?)

= Relative interparticle speed (m/s)

= Elementary charge (coulomb)

= Ion energy distribution function (s/m)

= Ion velocity distribution function (s/m)

= Current (A)

= Ion current density (A/ m?2)

= Constant for calculating cross section (Eqn. 8)
= Constant for calculating cross section (Eqn. 8)

= Boltzmann Constant
= Mass of ion (kg)
= Mass of neutral (kg)

= Density of ions (m3)
= Density of fast neutrals (m-3)

* Graduate Student Researcher, Student member AIAA
t Assistant Professor, Senior Member ATAA

Plasmadynamics and Electric Propulsion Laboratory
1919 Green Rd. Rm. B107
Ann Arbor, MI 48105
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nm = Measured den. of neutrals (m'3)

Peoll = Collision probability

Pm = Measured pressure (Pa)

qconv = Convective heat flux (W/ m?2)

s = Path length traveled by particle (m)

Tm = Measured temperature of neutrals (K)

To = Temperature of slow neutrals (K)

Tp = Temperature of probe surface (K)

uj = Velocity of ions (m/s)

Um = Velocity of measured neutrals (m/s)

Un = Velocity of plume neutrals (m/s)

\% = Probe voltage (V)

A = Mean free path (m)

Oc = Total cross section for charge exchange (m2)

<x> = Average value of quantity "x"
Introduction

In an effort to fully flight-qualify the SPT-100 for use in satellite missions, a great deal
of research has focused on lifetime and performance issues of the thruster. As a result, the
baseline operating conditions of the SPT-100 are now well-established.! The next hurdle to
widespread use of these devices is to develop an understanding of thruster/spacecraft
interaction phenomena. The thruster may interact with the spacecraft through three
fundamental processes: thruster-generated electromagnetic interference (EMI), particle
impingement from the exhaust plume, and radiant heating of spacecraft components. EMI may
interfere with communication signals and instrument performance,” while particle impingement
and radiant heating may cause physical damage to spacecraft hardware. This paper presents
the results of a study to characterize the particle transport properties as well as the radiant
heat environment produced by an SPT-100 plume.

The exhaust plume of an SPT-100 consists mainly of high-energy (200-300 eV) xenon ions
produced and accelerated within the thruster. However, there are additional plume
components owing to parasitic facility effects (during ground testing) and secondary ion
processes occurring in the acceleration zone of the thruster. These additional components
include slow propellant ions as well as both slow and fast neutral atoms.

The neutral and ionic portions of the plasma flow are linked through the process of
resonant charge exchange (CEX). This process can occur within the thruster acceleration region
due to entrained ambient background gas or un-ionized propellant, or it can occur downstream of
the acceleration zone due to the ambient background gas. There are two approaches that can be
used to detect CEX: one can either look for the slow ion products, or detect the fast neutral
products since their production rates are one-to-one.

The ionic portion of the plume, both high- and low-energy, can be detected in a
straightforward manner through the use of classical electrostatic plasma probes. Previous
studies have used such traditional techniques as Faraday probes, Langmuir probes, and
retarding potential analyzers (RPA’s)*** to provide point measurements of the SPT-100 plume
over a limited volume. The objective of this paper is to utilize the basic probes outlined above
in addition to new techniques over a larger volume of the SPT-100 plume than previously
investigated. This paper reports the results of a study involving a broad array of traditional
and innovative plasma probes. Emphasis has been placed on the inter-relation of the probe
data and the ability to derive secondary information regarding detailed plasma transport

14




properties. In addition, results of a new probe developed to diagnose the neutral particle flux
within the plasma are reported.

Description of Probes

Emissive Probe. Emissive probes were employed to measure plasma potentials that
were required to correct ion energy-distribution measurements. The probe filaments were
tungsten wires that were 0.05 mm in diameter and approximately 6 mm long. Copper support
wires were insulated from the plasma with alumina tubing.

Two methods were used to determine plasma potential. In the first method the
filaments were heated to approximately 0.18 eV with a 60-Hz half-wave rectified sinusoidal
current. The probe filament was biased with respect to ground through plasma potential with a
100-Hz triangular wave. The emission current of the probe was measured through a 1-kQ shunt
between the probe and ground. An oscilloscope was used to record the I-V characteristics during
the first voltage ramp in the off segment of the heater cycle, ensuring that the filament was
nearly a unipotential surface during measurements. This method is explained in greater detail

by Kemp and Sellen.’ In the second method, the emissive probe was allowed to float in the
plasma while the heater current was varied. Increasing the heater current drove the potential-
of the probe closer to the plasma potential at which further electron emission was retarded and

the probe potential only varied slightly with an increasing heater current. The results from
both measurement methods were averaged to obtain the reported values.

RPA. The most fundamental quantity from a gaskinetic standpoint for any flow is the
velocity distribution function of the flow constituents. This function, when combined with the
particle density, can be theoretically used to calculate any flow property of interest.

For this investigation a gridded Retarding Potential Analyzer (RPA) was used to
determine the ion energy distribution in the plume. This well-known technique uses a series of
electrostatic grids upstream of a collecting surface to selectively repel plasma constituents. The
RPA used in this investigation employed three grids: the first grid (and probe body) was
allowed to float, thus minimizing probe disturbance to the plasma. The second grid was biased
at a constant negative potential to repel all plasma electrons from the collector. The third grid
was an ion-retarding grid connected to a variable high voltage power supply. The potential of
the ion-retarding grid is adjusted between zero and 500 V to selectively repel ions from the
collector.

An account of RPA operational theory can be found in most plasma-diagnostic texts.”
Briefly, the potential of the ion-retarding grid is varied while monitoring the ion current
incident on the collector; thus data are obtained as I(V) vs. V. The negative derivative of
these data is directly proportional to the ion energy-distribution function, F(V), according to

dI ezr‘i“s‘p\'ohﬁ‘
v m F(V). (1]
The probe body, grids, and collector were fashioned from stainless steel. The insulators
between grids were made of Teflon and ceramic. The entire probe was approximately 2.5 an in
diameter. The grid mesh sizes were as follows. Floating grid: 0.112 mm-dia.-wire spaced at
0.266 mm on center; electron retarding grid: 0.028 mm-dia.-wire spaced at 0.056 mm on center;
and ion retarding grid: 0.042 mm-dia.-wire spaced at 0.225 mm on center. For a more detailed
description of the RPA used in this investigation refer to Ref. 9.

Faraday Probe. The Faraday probe was a 2.3-cm-dia. planar disk spray-coated with
tungsten. The tungsten was used to provide a very low secondary electron yield due to the
impacting ions. This disk was mounted flush with the end of a stainless steel cylindrical body.
The probe body acted as a shield, ensuring a uniform electric field over the face of the collecting
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disk, eliminating edge effects. The collector and body of the Faraday probe were biased with a
negative voltage of sufficient strength to repel all plasma electrons so only ions were collected.
The ion current collected by the Faraday probe provided a direct measure of the first moment of
the ion velocity distribution function, namely ion current density, jj. By combining this direct

measurement of j; with a known value of <uj>, the ion number density can be obtained as

Heat-Flux Probe. The convective heat-flux, or power density, is related to the third
moment of the particle velocity distribution function. For this investigation a heat-flux probe
was designed based on commercially available transducers. The prevailing heat transfer
mechanisms to the probe are identified as convective (kinetic) heating, radiant heating, ion-
electron surface recombinative heating, electron current heating, and ablative cooling
(sputtering). Among these phenomena, convective and radiant heating dominate the transport
of energy due to the high exhaust velocity of the thruster in addition to the intense radiation
produced by both the plasma and the hot thruster body. For ion-electron recombination
heating, each ion deposits energy equal to the Xe* ionization energy (12 eV) to the surface as it~
recombines with an electron from the probe. Calculations show that this mode of probe heating
comprises approximately 2% of the convective heating and is therefore ignored in this
analysis. Elimination of electron current heating is achieved by biasing the probe to ground
potential, which was found to be between 5 and 8 volts lower than plasma potential (see Fig. 4).
Previous studies have measured the electron temperature to be close to 3 eV in the plume;’ the
grounded probe therefore collected negligible electron current. The ablative cooling is assumed
to be insignificant in this model. Although comprehensive data for sputtering of surfaces
exposed to 300 eV Xe* are not available, the kinetic and radiant heating of the hot plume are
believed to be much larger than the ablative cooling.

The probe is shown in Fig. 1. The probe consisted of a water-cooled housing containing
two identical Schmidt-Boelter heat-flux transducers placed 5 mm apart. The housing was
instrumented with a thermocouple to provide a measurement of probe surface temperature.
Each transducer was coated with optical black. One transducer was exposed directly to the
environment to obtain a measure of total heat-flux. The second identical transducer was
covered by a sapphire window; this window shielded the device from convective heat-flux.
The useful transmission-wavelength range of sapphire is 200-5,500-nm. Previous research has
shown the plasma emissions in the SPT-100 plume to be confined mostly to 400-700-nm,"*"
while the black-body radiation from the hot thruster has an expected peak between 1,000 and
5,000-nm. It follows that the sapphire window is effectively transparent to the dominant forms
of radiated energy within the plume and provides an effective measure of radiant-heat-flux.
Calibration of these transducers, including the sapphire window configuration, was performed
by the manufacturer to NIST-traceable standards over the heating and wavelength values
expected in this test.

By subtracting the measured radiant-heat-flux from the measured total heat-flux and
approximating the heat transfer as outlined above, the particle convective heating can be
calculated. Within this model, the convective heat-flux to such a probe is given as the
difference between the incident plume heating and the reflected convective cooling, namely

oo

1 o
Geonv =Mi| —M; [ uf(u;)du; - 2T, Iuif(ui)dui:l' [3]
0 0
It is apparent from Eqn. 3 that a direct measurement of qconv combined with known values for

the first and third moments of the ion velocity distribution function, f(uj), and the probe body
temperature, Tp, can be used to solve for the ion density, n;.
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It is important to note that the heat-flux probe employs no retarding electrostatic
fields, nor does it rely on charge-carrying particles for detection. Therefore, even though Eqn. 3
is written solely in terms of ion properties, the measured convective heat flux is actually due to
both ions and neutral particles. It is possible (as will be shown in Analysis) to calculate
information about the neutral plasma component by comparing the heat flux-derived ion
density to the Faraday probe-derived ion density.

NPF Probe. In an attempt to characterize the neutral particle component of the plasma
flow a new probe design was implemented. This probe is referred to as a Neutral Particle Flux

(NPF) probe. Detailed documentation of this design is presented elsewhere, however an
overview of the probe operation will be presented here.

The probe is essentially a hybrid between an RPA and a vacuum pressure gauge. A set of
electrostatic grids are mounted to the inlet of a hot cathode ionization gauge tube. By using one
gnd as an electron-retarding grid and setting another grid to a high positive voltage to repel
all ion flux from the tube, only the neutral component of the plasma is permitted to enter the
tube. This neutral gas is ionized and sensed in the standard method of hot cathode ionization
gauges. The gauge output is monitored on a standard hot cathode ionization gauge controller
calibrated for Xe. A schematic of the NPF probe is shown as Fig. 2. -

The pressure measured inside the ionization gauge tube is determined by the condltlon
that the neutral particle flux entering the probe must be equal to the neutral particle flux

exiting the probe. Specifically,
n,(u, )in =ng(up )out . [4]

In Eqn. 4, quantities with a subscript n denote neutral particle properties within the plume,
while quantities with a subscript m denote neutral particle properties within the measurement
volume (gauge tube). Using free molecular theory to calculate the escape flux from the ion
gauge tube yields
kT
MU Yoy = Py i 5]
Utilizing the ideal-gas law to express nm in terms of measured pressure, Pp, and

inserting this result into Eqns. 4 and 5 yields the relationship between probe-measured pressure
and neutral particle flux into the probe:

Pm
n,(u, ) =-—F————_—. 6
n( n)m m (6]
It is apparent, then, that the pressure measured within the probe ionization gauge at a constant
gauge temperature is directly proportional to the flux of neutral particles in the plume.

Experimental Set-up

Facility. All tests were performed in the University of Michigan's Plasmadynamics
and Electric Propulsion Laboratory (PEPL). The centerpiece of this laboratory is a large 6-m-
dia. by 9-m-long vacuum chamber capable of base pressures of approximately 2.7 x 10° Pa at
pumping speeds of over 25,000 1/s on xenon. A detailed description of this facility has been

published previously.13 Data were acquired and processed using a computerized digital data-
acquisition system.

SPT-100. The thruster used for this experiment was a Fakel flight model SPT-100
Hall-effect thruster. The thruster was controlled by a Space Systems/Loral power processing
unit (PPU). Nominal operating conditions were utilized: discharge voltage=300 V, discharge
current=4.5 A, total flow rate of 56 SCCM of Xe with a 7% cathode split. Tank pressure was
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maintained at less than 6 x 10 Pa true Xe pressure during all testing as determined by two hot-
cathode ionization gauges.

Probes. The Faraday probe body, collector and the RPA electron retarding grid were
biased approximately -30 V with respect to the thruster cathode potential. This voltage was

sufficient to repel all plasma electrons while attracting only ion current” The RPA ion
retarding grid was adjustable from 0 to approximately 500 V.

The heat-flux probe water-cooling lines were connected to a closed-loop
thermostatically controlled refrigeration system. The probe body maintained a temperature of
between 5 and 6 deg. C for all test points.

The NPF probe electron retarding grid was also set at -30 V with respect to thruster
cathode potential. The ion retarding grid of the NPF was set to a constant value of 500 V. This
value, as determined from an RPA-type trace of probe output, was sufficient to repel all plume

ions, admitting only neutral particles.12

Test Set-up. For each test, three probes were mounted simultaneously to a rotating boom
apparatus on a computerized remote positioning system. An overview of the set up is shown as
Fig. 3. The instruments were positioned 0.5-m from the boom pivot point. By positioning the-
pivot point directly beneath the thruster exit plane it was possible to obtain probe data at
various angles off thruster centerline at a constant radial distance of 0.5-m by simply rotating
the boom. As indicated in Fig. 3, positive angles off centerline indicate measurements taken an
the cathode side of the thruster, while negative angles denote the non-cathode half plane.
This convention will be followed throughout the paper. By translating the pivot point of the
instrument boom in addition to rotation, data were collected at radial positions of 1.0-m from
the thruster exit plane while ensuring that the probes remained normal to the flow. Angular
resolution of the traversing mechanism is better than 0.1 deg.; however initial alignment of the
probes with the “zero” point (thruster axis) could only be confidently performed to within 3
deg. The relative uncertainty in angular position between data points is thus 0.1 deg., but the 3
deg. absolute offset has been conservatively indicated as an error bar for all data points.

Upon completion of the baseline data sets the Faraday probe configuration was changed:
the Faraday probe was turned "backward" to quantify the background ambient plasma
conditions separately from the direct plume flux. In this position the collecting surface of the
probe remained at 0.5-m radius from boom pivot point, however the probe faced directly away
from the thruster. This allowed the probe body to shield the collecting surface from the direct
plume flux, creating a quiescent wake. By sampling the ion current flux within this wake it was
possible to directly measure the ambient background plasma conditions due to chamber pumping
limitations and CEX.

Results

Emissive Probe. Plasma potential measurements were taken in the negative half-plane
of the thruster plume between 0 and -60 deg. off centerline at both 0.5-m and 1.0-m radial
distance. At 0.5-m measurements were taken every 15 deg., while the 1.0-m data set includes
measurements every 10 deg. The plasma potential varied between 7.2 V and 5.4 V with respect
to tank ground, while the thruster cathode remained at a constant -22 V with respect to tank
ground. These measurements are shown in Fig. 4.

RPA. RPA data were collected in the negative half-plane (nhon-cathode side) of the
thruster from centerline out to -60 deg. Beyond 60 deg. off axis the collected current fell to levels
for which the numerical differentiation required for data reduction produced unacceptably
large error-to-measurement ratios. Thus, all successive probe data were limited to points for
which RPA traces were available. For the 0.5-m data set, sweeps of ion current vs. retarding
voltage were recorded every five deg., with sweeps every ten deg. for the 1.0-m data. Peak ion-
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current values were in the range of tens of HA near centerline down to hundreds of nA far off
centerline for both 0.5-m and 1.0-m sweeps. Examples of these sweeps are shown as Fig. 5 for
the 0.5-m data set. The 10% measurement error represents uncertainties in the collected current.
These uncertainties were then propagated through all plume analyses incorporating integrated
values based on RPA measurements. :

Faraday Probe. Ion current density was measured in the full plane both at 0.5-m radius
and 1.0-m from -60 to 60 deg. at five-deg. increments. The centerline-plume ion-current density

fell from 5mA/ cm?2 at 0.5 m to about 1.6 mA/ emZat 1.0 m. The background wake ion current flux
showed similar trends, however the current values were two orders of magnitude lower than
the corresponding ram flux. The Faraday probe data are shown in Fig. 6. The indicated 10%
error is due to uncertainties in the measured current and probe collection area.

Heat-Flux Probe. Data were obtained with the heat flux probe at 2-deg. increments
from -60 deg. to 60 deg. at 0.5-m radius from thruster exit and five deg. increments at 1.0 m. For
the positions of -2, 0, and 2 deg. at 0.5 m, the measured total heat-flux exceeded the calibrated
range of the sensor. Total heat-flux data are therefore unavailable for these points. The
radiant- and total-heat-flux data are shown in Fig. 7. Due to plasma sputtering the surface
texture, and therefore the transmission properties of the sapphire window are expected to
change over time. However, the entire data set reported in Fig. 7 required the heat-flux probe
to be exposed to the plasma for less than 60 seconds. Over this short period no appreciable
variation in the window surface was expected; post-test visual inspection confirmed the
absence of window damage. The 10% error indicated in Fig. 7 represents uncertainties in
calibration as reported by the transducer manufacturer over the measurement range of interest,
with an additional 2% error to reflect neglect of ion-electron surface recombinative heating.

NPF Probe. The NPF probe data were obtained at 2-deg. increments in the half plane
from -60 deg. to 0 deg. at 0.5 m and at 5-deg. increments at 1.0 m. The over-pressure protect set
point for the hot-cathode tube was set for 0.8 Pa. Above this pressure, the tube de-energized in
order to prevent damage to the filament. Because of this, data within 10 deg. of centerline
could not be obtained at either 0.5 mor 1.0 m. The NPF probe data are shown in Fig. 8. Error
bars reflect uncertainty in calibration of total pressure gauge as supplied by the manufacturer.

Analysis and Discussion

Ion Energy Distribution. As shown in Eqn. 1, the non-normalized ion energy distribution
can be obtained by numerically differentiating the I(V) vs. V data sweeps of the RPA.
Although the values of A, and n; are required to find F(V) via Eqn. 1, differentiation of the
raw data provides a curve that is directly proportional to F(V). This curve can then be
normalized such that the total area under the curve is unity providing a direct calculation of
F(V) independent of the constants A, and n;. In order to ensure the accuracy of the ion energy
distribution a discrete but important correction must be applied to the RPA data: although the
first grid and probe body were allowed to float, the ion energy is recorded in volts with respect
to thruster cathode potential. This induces an energy shift to the ions as they fall from plasma
potential to reference cathode potential. The cathode potential was monitored and found to be
approximately -22 V with respect to tank ground. As can be seen from the plasma potential
data of Fig. 4, this imposes an appreciable energy shift to the ions (on the order of 30 V) which
must be accounted for during post-processing.

The entire data set of ion energy distribution curves is not included in the present paper,
however, the dominant trends are evident in the sample data of Fig. 9. For angles near thruster
centerline, the ion energy distribution is sharply peaked near a most probable energy of around
230 V, with a full-width-at-half-max (fwhm) of 100 V at -30 deg. off centerline. For larger
angles, the distribution becomes much broader due to the appearance of a population of lower
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energy ions. Although the most probable ion energy remains 230 V, the fwhm is increased to
more than 150 V at -45 deg. This broadening of the energy distribution for large angles was
evident in all data points for both 0.5-m and 1.0-m data sets, however the most probable ion
energy remains very near 230 V for each trace. Although the thruster discharge voltage was
300 V, a high-energy "tail" of ions with energies greater than the discharge voltage was found
in all RPA traces. The size of this tail was largest for angles near thruster centerline and
decreased with increasing angle. Furthermore, the tail was smaller in the 1.0-m data sets than
for corresponding angles in the 0.5-m data. Although the existence of this tail has been
documented by other researchers," a precise explanation for its origin remains unclear.
Quantitatively, the ion energy distribution curves can' be better understood by
numerically evaluating the first few moments. Previous research has shown the plume of the

SPT-100 to be comprised almost entirely of singly ionized Xe." Utilizing this assumption, it is
trivial to convert the ion energy distributions, F(V), to ion velocity distributions, f(uj). The
moments of these velocity distributions can then be evaluated and utilized to calculate ionic
transport properties. The first moment, or average ion velocity, was computed numerically and
is shown in Fig. 10 for both 0.5 mand 1.0 m radius. The error bars of Fig. 10 represent the
propagation of original measurement uncertainties through the numerical integration.

A striking result of this analysis was the discovery of a very narrow low-energy core-
surrounded by a slightly higher-energy annulus with a peak at -20 deg. in the plume at 0.5-m
radius from thruster exit. Although such a topology would be expected in the near field of the
thruster due to the annular shape of the discharge chamber, it was believed that the
divergence of the ion beam would smear out this configuration very rapidly. On the contrary,
the average ion velocity on centerline at 0.5-m is less than the velocity computed for any other
point measured in the 0.5-m data set. This low-energy core is very narrow, limited to a region in
space with a half angle of 5 deg. about thruster centerline. It should be noted, however, that
this annulus structure was not uncovered in the Faraday probe data. Since the Faraday probe
measures enj<uj>, the rapidly increasing ion density near centerline overwhelms the dip in
<u;j> and a monotonically increasing ion current density results. The high-energy annulus/low-
energy core structure is not present in the 1.0-m data set. At this downstream location the beam
divergence has completely filled in the core. In addition to the smearing of the spatial energy
structure, the ion velocity for large angles (greater than 30 deg.) is much less at 1.0 m than at 0.5
m.

The existence of a high-energy plasma annulus with low spatial divergence is
consistent with thruster discharge chamber geometry and field topology. The high-energy ions
are formed closer to the anode and hence, further back inside the discharge chamber. These
ions, in order to escape the discharge chamber without colliding with the wall, must have
their velocity vectors geometrically contained within a defined solid angle. Those ions formed
near the end of the discharge chamber farther from the anode will have lower energy as a
consequence of the field topology, and will also have their velocity vectors distributed about a
larger allowed solid angle.

The low-energy core in the mid-to-near field is most likely due to the distribution of ion

production within the discharge chamber. According to data obtained by Bishaev and Kim,15
the majority of the ionization within the thruster occurs very near the inner wall of the
discharge chamber. In order for these ions to escape the discharge chamber without colliding
with a wall and being neutralized, their velocity vectors must be directed largely away from
thruster centerline. Such a distribution of velocity vectors would produce a depletion of high-
energy ions on thruster centerline until a considerable distance downstream. Such a scenario is
depicted conceptually in Fig. 11, with the high-ion-formation region of Bishaev and Kim
indicated.

Density Distribution. With the broad inter-related suite of data obtained in this
study, it was possible to calculate two measures of particle density. In the first method, the
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Faraday probe-measured ion current density, jj, is combined with the first moment of the ion
velocity distribution function, <uj>, and used to predict the ion density according to Eqn. 2. The
second method is based on the heat-flux-probe data: by subtracting the measured radiant heat-
flux from the measured total heat-flux, the value of particle convective heating, qcony, is

obtained. Combining qeony With numerically calculated values of <uj> and <ui3>, and

recalling that the heat-flux probe is sensitive to both neutrals and ions, the total particle
density (ion and neutral) can be calculated according to Eqn. 3.

Based on the methods outlined above, two separate values of particle density are
presented in Fig. 12 for the 0.5-m data, and Fig. 13 for the 1.0-m data. The error bars in Figs. 12
and 13 represent the propagation of all original measurement uncertainties. As can be seen in
the figures, both methods of calculating particle density produce comparable results indicating
that neutrals represent only a small fraction of the flow. The maximum difference between the
values at 0.5 m is approximately 25% at -5 deg., with a somewhat larger discrepancy of 40% on
centerline at 1.0 m.

Neutral-Particle Properties. The neutral component of the plume was evaluated in this
investigation using two methods: direct measurement of neutral particle flux using the NPF
probe, and calculation of neutral particle properties based on the inter-relation of other probe™
data. The measured neutral pressure within the NPF probe displayed as Fig. 8 can be converted
via Eqn. 6 to provide a measure of neutral particle flux. This quantity is plotted in Fig. 14 for
both the 0.5-m and 1.0-m data sets. The NPF data suggest a region of high neutral particle flux
near plume centerline. Although the data sets are limited to angles larger than 10 deg., it is
evident that a well defined core of neutral particles is present in the plume. This core is
surrounded by a region of depressed neutral flux bottoming out at about -25 deg., followed by a
subsequent rise to ambient background pressure outside of about ~40 deg. The region of depleted
neutrals near -25 deg. corresponds loosely with the high-energy ionic annulus shown in Fig. 10
at 0.5 m. The relationship between the depressed neutral flux and elevated ion energy is not
fully understood at this writing.

The second method of determining neutral properties stems from the inherent difference
between the Faraday probe and the heat-flux probe. By subtracting values calculated on the
basis of Faraday data from values calculated from the heat flux data, it is possible to quantify
the contribution of the neutral flow. This method was used to evaluate the neutral particle
heat-flux. The value of convective heat flux due to both neutrals and ions was calculated by
subtracting the measured radiant heat-flux from the measured total heat-flux. The ionic
contribution to the convective heat flux was derived according to Eqn. 3 with the ion density
calculated from the Faraday probe data via Eqn. 2. Subtracting the derived ionic heat-flux
from the measured convective (ion and neutral) heat-flux yields the value of neutral particle
heating. This quantity is plotted in Fig. 15 for both 0.5-m and 1.0-m data sets, with error bars
representing the propagation of all measurement uncertainties. As expected, the neutral
particle heating is greater at 0.5 m than at 1.0 m. Furthermore, the neutral heating is confined
to a region within 25 deg. of thruster centerline falling off to negligible values sharply for
larger angles. This corroborates the NPF data which also showed the neutral flux to be
contained within a well-defined region with a half angle of 25 deg.

CEX Processes. As stated in the introduction, CEX processes can be evaluated either by
quantifying the slow ion products or the fast neutral products since their production rates are
one-to-one. In this investigation both methods of detecting CEX products were attempted.

Analysis of the neutral component of the plasma is missing one vital piece of
information to close the CEX analysis: the value of the neutral particle velocity distribution
function. However some insight to the neutral component can be derived from available
quantities. From a top level perspective, it would be valuable to know whether the neutrals
detected by the NPF are "slow" ambient background particles, or "fast” CEX products. If we
assume that the neutrals are slow, macroscopically stagnant Maxwellian particles at
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temperature Tg, then the free molecular convective heating to the water cooled probe is

computed as
1
9conv =Znn(un>k(Tn -Tp)' [7]

Since the flow has been assumed to be stagnant, the pressure measured by the NPF probe
would be the true ambient neutral pressure; this could be converted via the ideal gas law to
obtain np. Evaluating Eqn. 7 for the sample point at -15 deg. from centerline at 0.5 m where Pm =

0.8 Pa (from Fig. 8), and assuming a neutral background temperature Tn=300 K yields a value of

neutral particle convective heating of 3.2 x 104 W/cm?2. This is 250 times lower than the value

of 0.08 W/cm? obtained from the data for the neutral heating at this location (see Fig. 15).
Even if the assumed background neutral temperature is increased in order to agree with the
data-obtained heating, the neutrals would have to have an unrealistically high temperature

of over 100,000 K at this sample point to account for the 0.08 W/ amn? measured neutral heating.
It is apparent that a distribution of slow neutrals cannot account for the measured neutral
convective heating and that the neutrals measured with the NPF probe are most likely
highly-energetic CEX products.

The appearance of CEX products is supported by a statistical collision analysis of the_
plume/background gas interaction. The charge exchange collision cross section for Xet-Xe can be

computed according to
oc= (K1 In C; +K2)2 x 1020 m?2 8]
with K1=-0.8821 and K3=15.1262. For this investigation, with an average relative
interparticle speed Cr = 17 km/s and a tank background pressure of 6 x 10° Pa, the CEX mean free
path is approximately 1.5 m. Although this mean free path is longer than the largest path
length in this investigation (1.0 m), examination of the collision statistics reveals that the
effect of CEX is not negligible. The fraction of particles which undergo a collision within a
path length "s" is given by the well-known survival equation as
Peoli(s)= (1- /2. [9]
Eqn. 9 shows that at 0.5 m from the thruster exit, almost 30% of the emitted plume ions have
suffered a CEX collision; this increases to a value of almost 50% of the ions undergoing a CEX
collision by 1.0 m. In reality, the tank background pressure of 6 x 10° Pa is not composed entirely
of neutral Xe. Due to facility base-pressure limitations, a portion of this background pressure is
residual air. Although accounting for this lower background Xe density would increase the

computed Xe*-Xe mean free path, other non-resonant collisions between particles of dissimilar
masses must be accounted for; these collisions would likely affect the plume ions similarly to
the ideal case considered here.

Conclusion

By making comprehensive measurements of related ion and neutral-particle properties
within the plume, it was possible to gain insight into plume structure and thruster operation.
The phenomena investigated included ion-neutral charge-exchange, spatial distribution of ion
energy within the plume, and information regarding beam and ambient plasma properties.

Analysis revealed that the plume possesses a very narrow low-energy core surrounded
by an annulus of slightly higher energy at 0.5 m radius from the thruster exit. This core is filled
in by beam divergence at 1.0 m. This structure is consistent with thruster discharge chamber
geometry, field topology, and distribution of ion production.

Through the use of a new probe design coupled with heat-flux measurements, it was
possible to derive information regarding neutral particle properties within the plume. The
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data analysis suggests that these neutral particles are the high-energy products of ion-neutral
CEX collisions. Furthermore, these high-energy neutrals are contained almost entirely within
a cone with a half-angle of 25 deg. off thruster centerline. It is apparent that facility-induced
interactions between background gas and plume ions are not negligible even at mPa tank

pressures.
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Figure 1. Schematic of Heat-flux probe showing both radiant- and total-heat-flux transducers.
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Figure 2. Schematic of NPF probe showing grid arrangement and ionization gauge.
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Figure 4. Plasma potential measurements at 0.5-m and 1.0-m radius from thruster.
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Figure 5. Sample RPA |-V characteristic curves at 0.5-m radius from thruster. lon retarding
potential is with respect to thruster cathode. Uncertainty in current is less than 10%.
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a. 0.5-m radius from thruster exit
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Figure 6b. Ram and wake ion current density at 0.5-m and 1.0-m radius from thruster exit.
Uncertainty in angular position is 3 deg., uncertainty in ram current flux is less than 10%.
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Figure 7. Radiant- and total-heat-flux measurements 0.5-m and 1.0-m radius from thruster exit.
Uncertainty in heat-flux less than 10%, uncertainty in angular position is 3 deg.
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Figure 8. Measured pressure inside NPF gauge tube at 0.5-m and 1.0-m radius. Uncertainty in
angular position is 3 deg.
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Figure 9. Sample of non-normalized ion-energy distribution curves at 0.5-m radius from thruster
exit. lon energy is with respect to thruster cathode.
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Figure 10. Average ion velocity based on RPA data at 0.5-m and 1.0-m radius. Sample error bars
included to indicate magnitude of uncertainty due to propagated errors.
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Figure 11. Schematic representation of mechanism causing high-energy annulus and low-energy
core in thruster plume. lon production region denoted as according to Bishaev and Kim."
High-energy ions are formed closest to anode.
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Figure 12. Comparison of calculated particle density based on heat-flux-probe and Faraday probe
at 0.5-m radius from thruster.
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Figure 13. Comparison of calculated particle density based on heat-flux-probe and Faraday probe
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Figure 15. Calculated neutral particle convective heating at 0.5-m and 1.0-m radius.
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Abstract

High frequency electromagnetic signals are modified by plasmas primarily through strong_
density gradients or by densities approaching the critical plasma density. A plasma can
potentially degrade an electromagnetic based system through signal attenuation as well as
added amplitude or phase noise. This paper reviews the physical mechanism and applies a
general ray tracing modeling method to understand the possible phase shift, attenuation,
phase modulation, and amplitude modulation produced by the localized, high speed plasma
flow of a stationary plasma thruster (SPT). The SPT is cumently being tested and
considered for use aboard next generation spacecraft where careful consideration must be
given to possible interactions with satellite electromagnetic systems such as for
communication, navigation, and remote-sensing. The study also models the rather
significant plume impact to phase and amplitude for lower frequencies. A summary is
provided of ray tracing simulations characterizing both phase and amplitude effects at
frequencies from 0.5 to 17 GHz and axial positions from 0.25 m to 1.5 m. The results
correlate well with known data.
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1<Introduction

Modern high performance space electric propulsion systems, such as the SPT-100 Hall
thruster, are currently being tested and considered for use aboard next generation spacecraft
for such applications as North-South station keeping, repositioning, and orbit transfer due
to their high thrust efficiency and nearly optimal specific impulse (/sp, s) [1]. The
advantage of using a Stationary Plasma Thruster (SPT) in these satellite missions is
increased efficiency of propellant mass utilization resulting in an increase in satellite
payload mass for a fixed launch mass. However, consideration must be given to possible
interactions of the thruster’s dense, high-speed plasma plume with satellite electromagnetic
systems used for communication, navigation, and remote-sensing. Therefore, the effect of
the SPT on satellite sub-systems must be established. (See Table 1 for general plasma
parameter of the thruster.)

Here, we consider the interactions of an electromagnetic (EM) signal with a dense, non-
uniform, highly directed mesosonic plume of plasma. It is well known that plasmas
interact with EM signals [2-4] by altering the phase, amplitude, direction, and power
spectral density of a transmitted signal such as described in Equation 1:

E = A1+ My (1)) % c8] (k)1 = (@ = g (60t - e ()] |

where A is the electric field amplitude (V/m), k is the positionally dependent wavenumber

(m™), r is the position (m), ® is the angular frequency (radians s, tis time (s), and Mg
M., and m, .  are modulation coefficients for amplitude, frequency, and phase,
respectively. The plume-signal interaction is determined by the electromagnetic dispersion
relation, which is primarily dependent on electron number density and the gradients of
electron number density (where both can be time varying in the SPT plume). The plasma
plume of a SPT can, in general, impact the amplitude, frequency, and phase of an
electromagnetic signal. Amplitude and phase noise are produced by electron density
oscillations in the SPT plume. However, experimental measurements indicate that the
plume does not significantly alter the frequency component. In order to assess any
possible degradation to particular electromagnetic systems (i.e., signal to noise degradation
affecting data rates or signal accuracy), modification of these basic parameters must be
assessed either experimentally or through validated computer models.

Parameter Value
Electron Density 