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PREFACE

This research focuses on understanding the relationship between facility
background pressure and Hall effect thruster performance and plume characteristics. Due
to the wide range of facilities used in Hall thruster testing, it is difficult for researchers to
maké adequate comparisons between data sets because of both dissimilar instrumentation
and backpressures. Thus, tools are needed that allow researchers to obtain relevant
plume and performance data for a variety of chambers and backpressures. This research
is divided into three parts. The first is the development of a technique fqr calibrating a-
vacuum chamber in terms of pressure. The second is an investigation of facility effects, i.
e., how does elevafed facility backpressure affect thruster performance, plume plasma
parameters, and plume diagnostics. The third portion of this research is an investigation
of the performance and plume characteristics of a cluster of UM/AF.RL P5 5 kW Hall
thrusters operated over a wide range of facility backpressures.

This work begins with the dévelopment of a technique for calibrating a vacuum
chamber in terms of pressure to account for elevated backpressures while testing Hall
thrusters. A neutral gas background pressure map of the Large Vacuum Test Facility is
created at a series of cold anode flow rates and one hot anode flow rate at two P5 Hall
thruster dpe;ating conditions. These data show that a cold flow pressure map can be used
to appfoximate the neutral background pressure in the chamber with the thruster in

operation. In the process, the sticking coefficient of xenon on to a cryosurface is




experimentally determined. The data are used to calibrate a numerical model that
accurately predicts facility backpressure within a vacuum chamber of specified geometry.
The numerical model includes facility geometry and pumping surface location.

This activity leads to the facility éffects investigation,\which is the second
portion of this work. The plume of each clus'te.;' element is individually characterized at
three vacuum facility operating pressures and two anode flow rates to study the effect of
facility backpressure on plume parameters, plume diagnostics, and thruster performance.
The plasma potential, electron number density, and electron temperature are measuréd
with a single Langmuir probe. The plume ion current density profile is characterized
with five different Faraday probe designs. The ionization and acceleration processes are
.studic.:d with a paralfel-plate electrostatic energy analyzer, a retarding potential analyzer,
and an ExB probe. In addition, the performance of each thruster is characterized at the
conditions stated above with a null-type inverted pendulum thrust stand.

Analysis of the plume and performance data, collected over the range of
backpressures,‘provides insight into facility effects. The use of five Faraday probe
designs shows that a magnetically-filtered Faraday probe possesses the ability to remove
the effects of charge exchange ions that normally affect the wings of the ion current
density traces. As shown previously, an increase in facility backpressure leads to an
increase in the width of the ion energy distribution funcﬁon, but it does not shift the péak
voltége to which the-i'ons are acceleratéd. Due to the elevated pressures present at the
ExB probé entrance during P5 operation, it is not possible to accurately measure the
percentage of multiply-charged particles in the thruster plume. The measured thrust

increases with increasing facility backpressure. The variation of the facility backpressure




did not lead to a clear technique to correct the performance of the Hall thruster operating
at elevated backpressure. This work shows that Randolph’s ingestion expianation does
not adequately account for the elevated discharge current and thrust measured at elevated
facility backpressures.

The third portion of this work is an investigation that aims to develop a
fundamental understanding of how multi-kW clustered Hall thrusters operate and how
one can use single-engine ground-based data to predigt the performance, plume
interaction, and operation as a fu_nction of the cluster clement centerline separation
distance. This investigation also provides insight on how facility effects influence
monolithic and cluster performance characteristics as well as plume diagnostics by
characterizing the cluster plume at the elevated operating pressures created by the cluster.
The plasma parameters are measured in the plume of the Hall thruster cluster with the
same diagnostics used on the individual cluster elements. Measurements of the plasma
barameters collected with the diagnostics centered on a single thruster element and on the
cluster centerline show that no significant interaction occurs between the cluster
elements. Comparison of the performance characteristics of the clustef and the
monolithic thruster at conditions of néarly equal operating pressure shows that for a 5.25
mg/s anodé flow rate, the cluster thrust is simply the addition of the thrust of the two
monolithic thrusters. In addition, the anode efficiency and speciﬁ_c impulse are
approximately equal to that of the monolithic thruster. However, these trends do not hold
at the 10.46 mg/s anode flow rate for conditions of equal operating pressure, which may

* be due to elevated facility backpressure.
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To further understand the feasibility of clustering Hall thrusters on spacecraft, a
study of thruster centerline spacing and cathode-to-thruster separation distance is
performed. The results of this study show that the two thruster elements with a centerline
separation distance of 2+ m can share a single cathode with 1o negative effects on the
operation of the individual thrusters. The studyéstablishes that a Hall thruster-to-cathode
centerline separation distance of 1.3 m does not negatively affect the performance of the
thruster, and reliable restarts are possible in this configuration. Variation of the thruster
centerline separation distance shows that the gas flow of one thruster does not directly
affect the performance of the adjacent thruster.

These are the first experiments to take a holistic approach to understanding
facilify effects. In addition, this is the first study to investigate cluster performance,
cathode sharing as a function of thruster separation distance, and distant cathode

placement. These data will aid spacecraft designers in incorporating Hall thrusters into

space propulsions systems.
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CHAPTER 1
INTRODUCTION

1.1 Electric Propulsion Overview

The benefits of electric propulsion (EP) become more attractive as mission
velocity increments, Av and the amount of available in-space power increase. The roots
of modern EP gé back to the seminal work performed in the 1960s.>%? This work was
aimed at developing more efficient propulsion systems for the future exploration of
space.

The goal of a rocket propulsion system is to deliver the maximum payload to a
given destination as efficiently as possible. The amount of energy required to deliver a
payload is related directly to the velocity increment required for the mission. The rocket
equation, shown in Eqn. 1-1, relates the ratio Qf the initial mass, ;.. and the final fnass,

myna 0f the rocket for a thrust period to the average exhaust velocity, #, and required Av.

The initial ‘mass is composed of the final mass of the rocket plus the mass of the

propellant, as shown in Eqn. 1-2

-AV,

m
al ]
L e /B Eqn. 1-1
Mipitial
Mipirigt =M Jinal +m prop Eqn. 1-2

For a chemical rocket, the amount of energy that can be released from the

propellant is limited to the energy stored in the chemical bonds of the propellant




molecules. Thus, 7, of chemical rockets has a fixed maximum value dependent on the

propellant used. For a chemical rocket, we see that the amount of propellanf required for
a given mission increases exponentially with increasing Av. This means that the mission
will lose payload mass or the cost of the mission must increase because more propellant .
is required. |

In an electric propulsion device, electrical energy' accelerates the particles to
high velocities to generate thrust. EP offers a significant advantage over chemical
rockets because the exhaust velocity is not limited by the amount of energy that is
released from the chemical bonds that hold molecules together.  Therefore, an
exponential decrease in mass ratio can be realized through an increase in propellant
exhaust velocity for a mission of given Av. Clearly, the advantages of electric propulsion
are best suited to missions with large Av.

The main attractions of EP devices are their ability to achiev_e specific impulées
far above those of chemical rockets and their efficient use of propellant.s EP devices are
ideal for deep space and station-keeping missions, which require high épepiﬁc impulse.
Specific impulse is a measure of the amount of thrust a propulsion device makes per unit
mass flowi of propellant. Eqn. 1-3 shows that the specific impulse (/) is equivalent to
the thrust, T divided by the product of the propellant mass flow rate, m and the
acceleration due to gravity at the earth’s surface, g.. I is also equivalént to the average
exhaust velocity of the propellant divided by g..

T u,

l,=—=— Eqn. 1-3
mg, &e




In spite of the fact that EP systems have large exhaust velocities, they do not

| have large thrust levels because of the limited spacecraft power available. However, this
makes EP systems very attractive for missions such as orbit-transfer, station-keeping of
satellites, and deep space missions, which réduire large Av and high specific impulses.
Figure 1-1 illustrates this point for the Jupi'te; Icy Moons Orbiter (JIMO), a mission
; designed to explore three moons of Jupiter.* Figure 1-1 shows a plot of the mass ratios
using the mission Av of 50 km/s for the JIMO mission powered By EP and chemical
rockets systems. The EP system increases the amount of delivered payload mass from
0.002% to 29%. This analysis does not account for the added mass of the bower
processing unit needed for the EP system nor losses associated with long “burn” times of

EP systems. Nevertheless, the result is clear; EP systems enable space missions that

could never take place with chemical propulsion alone.
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Figure 1-1: Comparison of the Mass ratios of an EP and chemical system for the JIMO mission.




For a spacecraft of fixed launch mass, the increase in the ratio of Mgn/Minisiar
may also be used to reduce the amount of required propellant mass. This mass savings
can be used to add more scientific equipment to the spacecraft. To reduce cost, the
saving in propellant mass may allow a smaller, less expensive launch vehicle to be used.
Keeping all other parameters constant and applying the high I, of an EP system increases
' the capability of the spacecraft. The high 7, of EP systems increases the life of orbiting
satellites by allowing more station-keeping maneuvers for a }given amount of propellant.
To achieve these benefits, the type of electric propulsion system_selected must take into
account the mission requirements.

Electric propulsion is characterized into three distinct divisions. Each of these

divisions will be discussed in more detail in the following sections.

1.1.1 Electrothermal Propulsion

Electrothermal propulsion devices use eleétrical energy supplied by the
spacecraft to heat the propellant and expand it out of a nozzle to create tﬁrust. This type
of propulsion is most closely related to the chemical rocket enging. The addition of -
thermal heat is accomplished in two ways.

The first approach is the use of an electrical resistor to transfer the electrical
energy to thermal energy in the propellant. The heated gas is then expanded out of a
diverging nozzle to create thrgst. This device is known as a resistojet. AResistojets have
been used for stationkeeping on communication satellites for more than 20 years. The
resistojets used on commercial spacecraft typically have specific impulsés of 300 s or

more for thrust efficiencies above 50%, at input power levels of 400-800 w3 A




The second approach to electrothermal propulsion uses an electrical arc
established between an anode and cathode located in the throat of the nozzle. The arc
adds thermal energy to the propellant before it is e*panded out of a diverging nozzle to
create thrust. Devices of this type are catego'r'ized as arcjets. These devices operate on a
wide range of propellants that are compatible v:'ith all current storage systems.’ Arcjets
have been developed for a multitude of applications ranging from stationkeeping of
moderate-sized spacecraft (500 W, hydrazine) to a piloted mission to Mars (100 kW,
hydrogen).” Specific impulses range from approximately 500-600 s on hydrazine to

approximately 2,000 s on hydrogen.® > '°.

1.1.2  Electromagnetic Propulsion

Electromagnetic propulsion devices use the interaction of applied electric and
magnetic fields to accelerate ions out of the device. These devices use a potential applie:d
between the anode and cathode to ionize the propellant gas. A current flows through the
ionized propellant that interacts with self-generated and/or externally-applied magnetic
fields through the Lorentz force, which accelerates the plasma downstream."' Eqn. 1-4
shows the force produced by the interaction of the current and magnetic ﬁeid.

F= fxE’ ‘  Eqn14
This division of electric propulsion consists of magnetoplasmadynamic (MPD) thrustgrs,
pulse-inductive thrusters (PITs), and pulsed plasma thrusters (PPTs). Electromagnetic
devices do not accelerate the propellant with an electric field, and thus have high power
densities because they are not ‘fspacg-charge” limited.

The MPD thruster uses an annular anode with a concentric central cathode to -

drive current through the flowing propellant stream. The propellant is ionized by a high-




current arc created between the anode and cathode. The azimuthal magnetic field
generated by the current returning to the cathode (self-field) or supplied by external
means (applied field) interacts with radial discharge current flowing through the plasma
to produce an axial electromagnetic body force (Lorentz Force), which accelerates the -
propellant to produce thrust. The thrust is augmented by the conversion of propellant
enthalpy to directed kinetic energy. These engines are not “space-charge” limited in
propellant throughput and thus achieve large exhaust velocitigs (5-100 km/s) at high
thrust densities." |

A pulsed inductive thruster (PIT) uses a fast gas valve to inject a few milligrams
of propellant over a flat induction coil. Once the gas has been inje;:ted, a bank of high-
voltage, high-energy storage capacitors is discharged, providing a large azimuthal current
pulse to the coil. The time-varying electromagnetic field caused by the current pulse -
ionizes the propellant gas and causes the ionized gas to accelerate away from the coil,
which produces thrust."

In a pulsed plasma thruster (PPT), electrical power is used to ablate, ionize, and
electromagnetically accelerate atoms and molecules from a block of solid propellant
material, typically a solid bar of Teflon™. A negator spring feeds the Teflon into the
discharge .érea. The power processing unit (PPU) uses power from the spacecraft to
charge a capacitor. Once the capacitor is charged, a spark igniter is fired to create an
initial conducting path for the primary discharge. During the discharge, current flowing
between the electrodes ablates layers of the Teflon bar. The ablated products are ionized

and then accelerated by the electromagnetic Lorentz force to a velocity of 10 - 20 km/sec,




which produces thrust. PPTs have a specific impulse on the order of 1000 - 2000s and

thrust efficiencies of approximately 10%."

1.1.3 Electrostatic Propulsion

The last division of EP is electrostatic propulsion. Electrostatic propulsion
devices use large electric fields to accelerate the ionized propellant to generate thrust.

Eqn. 1-5 shows the electrostatic force on a particle of charge, q placed in an electric field,

E. This division of devices includes Hall ‘thrusters, gridded ion engines, colloid -
thrusters, and field effect electric propulsion (FEEP). Hall thrusters are the focus of this
work and will be discussed in detaii in the following section.
F =gqE Eqn. 1-5

Of the electrostatic devices, the gridded ion engine currently has the most flight
time on western spacecraft. The gridded ion engine injects propellant both through ;1
discharge cathode and through a ring of injectors. The discharge cathode emits electrons
that are accelerated by the eiectn'c field established between the positivély biased
discharge chamber walls and the negatively biased cathode. To enhance_the ionization
- efficiency, the electrons are then trapped in a “ring-cusp” magnetic field to increase their
residence time in the discharge chamber. The electrons ionize propellant distributed from
the positively biased anode walls by striking the gas atoms, knocking away one or more
of thc; electrons orbiting an atomfs nucleus. The ions drift downstream to the rear of the
discharge chamber where they encounter an area of strong electric field created across a
set of dished grids. The ions are accelerated out of the ion engine by the electric field,
which produces thrust. An external cathode (neutralizer) positioned downstream of the

accelerator grid keeps the spacecraft electrically neutral with respect to its environment




by emitting one electroﬁ for every positively charged ion that‘ leaves the thruster. Ion
thrusters have specific impul’ses of 1,000-10,000 seconds with efficiencies approaching
80%.’

Currently, colloid thrusters and FEEP have not been realized on a large scale. |

Thus, they will not be discussed in this dissertation. Further information on colloid

 thrusters and FEEP can be found in References 15 and 16, respectively.

1.2 Hall Effect Thruster Overview

1.2.1 Hall Thruster Physics

Hall effect thrusters (HETSs) are electrostatic electric propulsion devices. The
Hall thruster uses a radial magaetic field to decrease the axial electron mobility, creating
an axial electric field. A schematic of the magnetic layer type is shown in Figure 1-2. |
The most common Hall thruster design uses an annular discharge chamber. However,

successful operation has been achieved with racetrack and linear configurations.!” 8 1%:20
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Figure 1-2: Schematic of a Hall thruster.

During HET operation, plasma is sustained within an annular discharge
chamber by an axial electric field established between an external hollow cathode and the
anode located at thé r;:ar. A hollow cathode emits electrons into the region immediately
in front of the discharge chamber. The positively-biased anode located at the rear of the
discharge chamber, which also serves as a propellant distributor, attracts electrons. On
the way to the anode the electrons encounter a radially directed magnetic field that is
generated by electromagnetic coils and guided by ferromagnetic inner and outer pole

pieces. The strengfh of the magnetic field is strong enough to yield an electron

gyroradius, 7,, considerably smaller than the characteristic width of the discharge

channel, #. In addition, the magneﬁc field strength is chosen such that it has little effect

on the much more massive ions. Eqn. 1-6 shows the necessary conditions.



m; vth,e

M;Vin,i
rLp = 3 <KW <<ry; =——5— A Eqn. 1-6

- The cyclotron motion generated by the radial magnetic field prevents electrons
from traveling toward the anode unless they collide with the wall or another particle.
This configuration allows strong electric fields to be formed in the plasrﬁa that are
orthogonal to the applied magnetic field. The gradient in the nearly orthogonal electric
field causes an azimuthal flow of electrons in the ExB direction at a speed- of vgxs,
defined in Eqn. 1-7.- This component of electron motion normal to the electric field is
called the Hall current. The annular discharge chamber allows a éomplete closed path for
the Hall current, thué the device is also know as a closed-drift thruster. In spite of the
suppressed axial motion of therelectrons caused by the radial magne’;ic field, electrons do

slowly diffuse toward the anode. The increase in electron residence time increases the

ionization efficiency.
1% ExB = : Eqn- 1“7

Xenon (or another noble gas or bismuth) diffuses toward the discharge channel
exit plane. Most xenon atoms are ionized by collisions with the Haﬁ current electrons
before reac}hing the }exit. The magnefi_c field has little effect on the ion motion and the
large electric field efficiently accelerates the ions downstream. The thrust is the reaction
force to the downstream acceleration of ions. The force is imparted to the thruster
through the magnetic field surfaces created by the Hall current. The magnetic field
surfaces, to first-order, are equipotential to the magnetic field lines of the thruster. The
electron-ion pairs, along with additional electrons emitted from the hollow.cathode to

neutralize the beam, insure that the plasma meets the quasineutrality condition shown in



'Eqn. 1-8. The quasineutral plasma created by the Hall thruster prevents the space-charge
effect from limiting the current density. The space-charge effect occurs when a net build-
up of charge alters the local electric field, thus restricting the charged particle motion in
that region. Therefore, Hall thrusters are able to achieve much higher current densities
than gridded jon engines.

ne =N Eqn. 1-8
At first glance, it appears that the thruster should be operated at the maximum
possible discharge voltage to maximize the specific impulse of the device. However, the
efficiency of the device does not increase monotonically with voltage due tb the
inefficiencies of the ionization process. The thruster efficiency is defined as the ratio of

. the jet power, P, to the supplied electrical energy, P;, as shown in Eqn. 1-9.

p YT,
n’ = _t = qu’l. 1-9
})in VDID

The mass of the required power supply scales with the required applied power, and thus
the specific impulée of the Hall thruster at a constant thrust level. The'reforé, the
efficiency of the device is very important if the mass of the propulsion system is to be
minimized. For optimum propulsion system performance, the EP thrhster should not be

operated at maximum J,,, but at maximum efficiency to reduce the mass of the PPU.

1.3 Motivation
Initial development of Hall thrusters began independently in the US and in the
former Soviet Union in the 1960s."%"?2 At that time, the American researchers expected
to develop high-power, light weight power supplies and thus they attempted to operate

the thruster in the 5,000 to 10,000 second range.2 The researchers soon found that the
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acceleration mechanism became unacceptably inefficient at the discharge voltages
required for these specific impulses. Thus, the researchers opted to develop the gridded
ion engine to reach their specific impulse goals. However, deyelopment of the HET
continued in the Soviet Union.

Following the dissolution of the former Soviet Union, much of the Russian
technology has become available to Western scientists. US development of the HET
technology over the last decade has mmed it into one of the main EP systems considered
for future space missions. |

There are several ‘Conﬁgurations for closed drift thrusters (CDTs), which can be
divided into two distinct types. The first type is the anode layer thruster, commonly
referred to as a thruster with an anode layer (TAL). The second type is the magnetic
layer thruster, commonly referred to as the stationary plasma thruster (SPT). The
primary difference between the two is that the anode layer thruster has a metal discharge
chamber and the magnetic layer type has a ceramic discharge chamber.? Most closed
drift thrusters are single-stage, but work has been done.o‘n two-stage thrusters.> Under

.the direction of Morozov the SPT matured, while in a competiﬁg grdup; Zharinov
brought the TAL toa high level of ﬂight readiness.® Since 1972, the Soviet Union and
Russia have flown more than 100 HETs in space; most of these have been SPTs.

Its combination of high specific impulse, efficiency, and thrgst density has
increased the popularity of HETs for use as spacécraft propuléion. Currently, the
widespread use of HETs is hindered somewhat by the limited understanding of plume

interaction with the spacecraft.
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As the availability of in-space power increases, the trend in HET development is

growing proportionally towards high-power engines. In the last ten years, the HET

- community has seen the completion of flight qualification to Western standards of the

SPT-100 (1.35 kW),2* % on-going activities for qualifying the SPT-140 (4.5 kW),26’ z

BPT-4000 (3 and 4.5 kW),2 and a 1000 hour test of the T-220 (10 kW).2>® The latest

trends at government laboratories sponsoring HET research are towards mopolithic
power levels of 20-150 kW.*!

The‘U-SAF has recently identified the high-power 20 kW CDT propulsion
system as the baseline approach for a variety of missions.*> The Air Force Research
Laboratory (AFRL) has performed extensive testing on a cluster of four 200 W HETs,*?
with the eventual godl of testing high-power clusters. The USAF is increasing spacecraft
bus power through advanced solar array designs.

NASA has recently announced Project Prometheus®, which strives to develop
high-power nuclear reactors and electric propulsion systems.>* The NASA Glenn
Research Center (GRC) has recently tested a nominally 50 kW engine and was awafded a
multimillion do.llar contract to develop a 150 kW HET.

Next generation communication satellites are becoming both larger and more
powerful. Recent satellite designs suggests that electric propulsion systems will have to
double or triple in power from the current 3-5 kW systems within the next decade to
satisfy commercial spacecraft needs. The ability of high-power HETs to perform orbit-
raising as well as stationkeeping maneuvers may eliminate the need for chemical rockets

on satellites and deep space probes. This means that vacuum systems will have to be
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modified to handle the added propellant flow rates demanded by these higher-power

thrusters.

1.3.1 Summary of Facility Effects

The limited understanding of plume interaction with the spacecraft has hindered -
the industry—wide use of HETs. The plume contains high-speed ions that can erode
sensitive spacecraft surfaces, and contamination products c;eatéd by‘thruster discharge
channel erosion can coat solar cell opti_;:s, thus reducing their performance. The parasitic
facility effects present in ground tests create additional plurhe components such as slow
propellant ions and neutral atoms.>® Ions and neutrals present in the HET plume interact
through the procéss of resonant charge exchange (CEX) collisions.

Accounting for CEX ons is not the only obstacle to using ground tests for in-
space performance prediction. The wide range of facilities used in HET testing makes it
difficult for researchers to compare data sets, given dissimilar probe designs and elevated
background pressures in facilities with modest pumping speeds and varyiﬁg geometries.*®
As mentioned in the previous section, in spite of facility effects, the;e ié a trend toward
high-power Hall thruster propulsion systems.

There are several advantages inherent to going to larger thrusters. The
geometric increase in thruster size causes the thruster to be inherently more efficient due
to plasma scaling within the discharge chamber.*’ Furthermore, as size increases the
radial magnetic field is more uniform and the reduction in wall losses increases

performance. The lifetime improves with thruster size because the reduced plasma

density results in fewer sputtering wall collisions, thus extending insulator life.
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However, large thrusters have their own technical issues for ground testing.
Many national electric propulsion test facilities, while physically large enough to test 50
kW thrusters, possess pumping speeds that are at least an order of magnitude too low to
ameliorate facility pressure effecte for plume/éontamination studies, and life testing. The
reason for this is that as thruster power and/o; Iy, are increased, the internal discharge
chamber pressure tends to decrease to maintain efficient operation.

Thruster mass flow rate, and hence facility background pressure, increase
proportionately with power for fixed thruster voltage. So as the power of the CDT
increases, its internal pressure deécreases because ion-neutral collision mean free path
must be greater than the ion acceleration length. Yet, the background chamber pressure
increeses. This poses an issue not only for measuring high-power CDT performance and
plume/contamination characteristics, but also for assessing engine life.>

If the tank pressure is too high, the background gas can artificially modify the
exhaust plume as well as alter the operation of the CDT itself 3% 3% Thruster operation
may be 'inﬂuenced'by entrainment and/o; ingestion of the background chamber atoms.
This effect artificially increases the propellant mass flow rate of the engine, resulting in
performance and operation changes consistent with the increased number of propellant
particles. Furthermore, plume diagnostic experiments can be affected. A large partial
pressure of background gas molecules can affect ion current density and energy
distribution measurefnents by artificially increasing the local chafge density through
charge exehange collisions.*

NASA and the USAF both require high-power Hall thruster systems for future

missions. The AFRL, NASA GRC, and laboratories in Europe have recently upgraded
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their pumping systems in anticipation of higher-powered thrusters. It is clear that testing

50-kW-class CDTs in current or near-term test facilities is of concern given the fact that a

large increase in pumping speed would still be necessary to satisfy pressure requirements.

Vacuum facilities capable of testing 100-plus-kW CDTs are unlikely to be available in
sufficient numbers by the time these engines are needed. Thus, modular, high-power

CDT propulsion systems will undoubtedly be required both for USAF and NASA

missions in the future to make ground testing feasible.

Several investigations are uﬁderway to model »thruster performance and the
interactions between Hall thruster plumes and spacecraft numerically.?”* The results of
these models are highly dependent on the boundary conditions used. For simulations of
laboratory experiments, one of the most important auxiliary inputs required by these
codes is the background pressure of a laboratory vacuum chamber.® To provide high-
fidelity data to the models that simulate the interaction between the Hall thruster plume
and spacecraft, we must first correct the experimental performance and phime data for
facility effects.

The goal of this research is to understand facility effects introduced By elevated
backpressures. This investigation has included the characterization of the performance of
the P5 HﬁT (5 kW) at different pumping speeds,*! an evaluation_of the ability of a
collimated Faraday probe to filter out CEX ions while measuring the ion» current density
at elevated background pressures,** *»** and a pressure map of the Large Vacuum Test
Facility (LVTF) and NASA GRC’s Vacuum Facility 12 (VF-12) in conjunction with a

computational facility model using the direct simulation Monte Carlo method (DSMC) to

5

characterize chamber backpressure of the former.*




1.3.2 Summary of Clustered Hall Thrusters for High-Power Missions

In response to the issue of national facility pumping limitations, the USAF has
started to explore clustering as a way of reaching its high-power EP goal; i.e., the use of
smaller Hall thrusters in a propuléion array.’® In theory, clustering allows ground-based
testing of a single, lower-power cluster element to predict the characteristics of the
cluster. In general, a cluster of thrusters will have a lower total efficiency and higher dry
mass than a monolithic device of equal power. Yet, a cluster provides propulsion system
redundancy and the ability to vary the system power while allowing the thrusters in use to
operate at their peak efficiency.

Currently, there is no fundamental basis for predicting:

e cluster performarice

e interaction between cluster elements

e cluster lifetime

| spacecraft integrgtion problems

from single-engine gfound-based test data from a 1-plus-kW Hall thruster.

For example, piume divergence not only detracts from engine performance, but also may
cause damage to the spacecraft due to sputtering. This issue may be even more
pronounced when the engines are arranged in a cluster, since the plume of one engine
will interact with the plume of another.

This portion lof the research develops a Hall thruster cluster test capability, using
the University of Michigan LVTF.6 4“8 A 2x1 cluster of UM/AFRL PS5, 5 kW Hall

thrusters has been constructed at the AFRL. This cluster facilitates the investigation of
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high-power Hall thruster operation and provides insight on how chamber effects
influence monolithic and cluster characteristics.

This study measures the thrust and plume characteristics of each of the P5 Hall
thrusters over the range of 300 - 600 V at 5.25 mg/s and 10.46 mg/s. The two thrusters ,
are then operated simultaneously and the thrust of the cluster is measured over the same
thruster operating conditions. In addition, the ¢ffect of facility backpressure on Hall
thruster perfoﬁnance is quantified. Fpﬂhennofe, Hall thruster cluster configurations are

investigated.

1.4 Contribution of Research

The aim of this thesis is to investigate and characterize the effect of facility
backpressure on Hall thruster cluster performance and plume characteristics. The
hypothesis is that below a critical_pressure, which depends on thruster mass flow rate,
backpressure induced facility effects are negligible. As thrusters increase in size, current
vacuum facilities will not be able to maintain 6perating pressures below the critical
pressure. There are fhree possible solution paths to overcome facility effects in Hall
thruster testing. The first is to develop new facilities and/or test in space. The seconci is
to develop..tools that correct plume aﬁd performance for facility effects. The third is to
cluster small Hall thrusters together (which can be characterized at pressures where
facility effects are negligible) to create high-power EP systems. The thésis investigates
the last two of fhese possibilities.

The experimental iﬁvestigation is composed of three major components.
Facility effects are caused by the backpressure present in the vacuum facility so first we

use the cold and hot flow pressure map investigation to understand the distribution of -




neutral background gas in a vacuum facility with an operating Hall thruster. An
ionizatioﬁ gauge position system is constructed to map the LVTF. This system moves
five ionization gauges throughout the chamber to create a neutral density map of two
vacuum facilities with a Hall thruster in operation. The cold flow™ neutral density maps
were used in conjunction with a DSMC codemto determine the sticking coefficient of
xenon onto a cryosurface. This work was the first measurement of the xenon-to-
cryosurface sticking coefficient. The hot flow neutral density ma;i data obtained were
then compared to the results generated by the DSMC model, which allowed for
verification of the model. The model is a tool that can accurately calibrate a vacuum
facility in terms of pressure.

The second portion of this work is the facility effects investigation. This
portion of the investigation tests the hypothesis by performing plume and performance
measurement over a wide range of pressures. The plume of each cluster element is
individually characterized at three vacuum facility operating pressures and two anode
flow rates to‘ study.thé effect of facility backpressure on plume parameters. A éingle
Langmuir probé measures the plasma potential, electron number density, and electron
temperature. The plume ion current density proﬁl.e is characterized with five different
Faraday probe designs. The ionization and acceleration processes are studied with a
pa'ralle1~platé electrostatic energy analyzer, a retarding potential analyzer, and an ExB
probe. In addition, the performance of each thruster is characterizéd at the conditions

stated above with a null-type inverted pendulum thrust stand.

" Throughout the text, we use the phrase “cold flow” to denote xenon flowing through the thruster anode
and cathode without a plasma discharge and “hot flow” to denote xenon flowing through the anode and
cathode of an operating thruster.
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A summary of the second portion of this work includes the following:

e The use of five Faraday probe designs shows that a magnetically-filtered Faraday
probé possesseé the ability to remove the effects of chargé exchange ions that
normally affect the wings of the ion current density traces.

¢ Anincrease in facility backpressupe' leads to an increase in the width of the ion energy
distribution function, but it does nét shift the location of the ion energy distribution
maximum.

e Due to the elevated pressures present at the ExB probe entrance during PS5 operation,
itis ﬁot possible to accurately measure the percentage of multiply-charged particles in
the thruster plume.

e Randolph’s ingestion explanation does not adequately acéount for the elevated
discharge current measured at elevated facility backpressures.*®

o The measured thrust increases with increasing facility backpressure.

e The variation of the facility backpressure does not lead to a clear fe'chnique to correct

the performancevof the Hall thruster operating at elevated backpressure.

The third portion of this work is an investigation to develop a fundamental
understanding of how multi-kW clustered Hall thrusters operate a;nd how one can use
single-engine, ground-based data to predict the performance, plume interaction, and
operation as a function of the cluster element centerline separation distance. A clustér of

laboratory-model 5 kW Hall thrusters using Moscow Aviation Institute (MAI) hollow
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cathodes were constructed for two primary reasons. Firstly, it allowed investigat';on of
the performance, plume characteristics, and diagnostic operation at a range of facility
" operating pressures. Secondly, it allowed for the investigation of how Hall thruster
clusters interact. The plasma parameters are measured in the plume of the Hall thruster
cluster with the same diagnostics on the single mcluster element. Measurements collected
with the diagnostics centered on a single thruster element and on the cluster centerline
show that no significant interaction occurs between the cluster elements. Comparison of
the performance characteristics of the cluster and the monolithic thruster at conditions of
nearly equal operating pressure shows that for a 5.25 mg/s anode flow rate the cluster
thrust is simply the addition of the thrust of the two monolithic thrusters. In addition, the
anodé efficiency and specific impulse are approximately equal to that of the monolithic
thruster. However, these trends do not hold at the 10.46 mg/s anode flow rate for
conditions of equal operating pressure, which may be due to elevated facility
backpressure.

To furthef undefstand the feasibi]ity of clustering Hall thrusters on spaceéraft, a
study of thruster centerline spacing and cathode-to-thruster separation distance is
performed. The results of this study show that vthe cluster thruster elements with a
centerline separation distance of 2+ m can share a single cathode without coupling their -
ionization and acceleration processes. The study establishes that a Hall thruster to
cathode centerline éeparation distance of 1.3 m does not negatively affect the

performanée of the thruster and reliable restarts are possible in this configuration.

Variation of the thruster centerline separation distance shows that the gas flow of one

thruster does not directly affect the performance of the adjacent thruster.



Currently, the only studies performed on facility effects are those of Randoph,®
Manzella,” and a study at the University of Michigan’s ,Plasmadynamics- and Electric

' In Russia, Semenkin has also

Propulsion Laboratory (PEPL) by Hofer and Peterson.*
noted the importance of facility effects and a need for EP testing standardization.® The
work done by Randolph is based on free molecular diffusion cbntrolling neutral gas
ingestion into the discharge channel. The work makes gross assumptions about the
ingestion area and does not explain the ionization process of the ingested gas. Manzella
also studied facility effects, but he oniy looked at the.plume characteristics with a nude
Faraday probe, which as this Thesis shows is prone to facility backpressure effects. He
also bled xenon into the facility with no support of why he chose the injection location
other than convenience. Hofez and Peterson looked at how facility backpressure affects
the performance of a Hall thruster. Unfortunately, the error in their thrust measurements
was too large to discern facility effects. This thesis takes a holistic look at facility effects.

As discussed earlier, the concept of HET clustering has become of interest as in-
space power has increased. The only work published at this time has been performed by
Beal in conjunction with the AFRL, and the USAF European Office of Aerospace
Research and Development (EOARD).”’ 4. 47, 30 Beal characterized the basic plume
properties,‘ cross-talk, phenomena among cluster elements, the ion energy spectra
downstream of the thrusters, and cluster sensitivity to cathode placemeqt. Beal used a
2x2 cluster of Busek model BHT-200-X3 Hall thrusters, each of which operates at a
nominal power of 200 watts. EOARD conducted tests at the Russian Central Research
Institute of Machine Building (TSNIIMASH).>" *> The EOARD sponsored cluster work

used three D-55 TALs to demonstrate that multiple thrusters can share a single'cathode
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and operate from one common power supply with no hoticeable increase in discharge
current oscillations and no sign of “cross-talk” between the thrusters.

Building on the work discussed above, this thesis research investigates the
performance and plume characteristics of a cluster of Hall thrusters versus a single.
monolithic element over a wide range of oper'a':ing pressures. A criterion is validated for
thruster element spacing to ensure that the elements do not interact adversely. In
addition, several configurations for cathode sharing are investigatéd while varying the

separation distance between the thruster centerlines. Finally, the performance of a

thruster is measured as the cathodé is moved away from the thruster centerline.




| CHAPTER 2
EXPERIMENTAL APPARATUS

To characterize the effect of backpressure and clustering on the plume
characteristics and performance of _a' Hall thruster, we measure the neutral number
density, electron temperature, electxoﬁ number density, ion current density, ion energy
per unit charge distribution, multiple charge fractions, and performance. The diagnostics
used for this purpose include 5 ionization gauges, a Langmuir probe, 5 Faraday probes of
various design, a retarding potential analyzer, a parallel-plate - electrostatic energy
analyzer, an ExB probe, and a null-type inverted pendulum thrust stand. This chapter
describes each piece of experimental hardware and the diagnostics used to perform this
research. The text documents the physics governing the operation of éach dfagnostic and
the electrical configurations used during each experimeqt. Geometric schematics of each
of the diagnostics are provided as well as pictures of the actual device. Repfesentative
plots of data taken with several of the diagnostics show device repeatability and

resolution. We also discuss the limitations and measurement error of each diagnostic.

2.1 Hall Thruster

2.1.1 AFRL/UM P5 Cluster

For this investigation, all experiments performed at PEPL use the AFRL/UM P$

2x1 cluster, laboratory-model Hall thrusters, shown in Figure 2-1. The PS5 haé a mean
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diameter of 148 mm, a channel width of 25 mm, a channel depth of 38 mm, and a
nominal power rating of 5 kW. Moscow Aviation Institute (MAI) laboratory-model
- cathodes are located at the 12 o’clock position on each of the thrusters. The cathode
orifice is located approximately 30 mm downstream from the outer front pole piece and
the cathode body is oriented at angle of 45° b‘elz)w horizontal. For all cases, the cathode
flow rate is set at 0.92 mg/s. Haas provides a more detailed description of the PS5 in
Reference 53.

Each of the P5 Hall thrusters is powered by a separate set of power supplies and
operates from its own cathode. The thruster electrical connections enter the chamber
through two separate feedthrough ports. Each thruster discharge supply is connected to a
filter consisting of a 1.3 Q resistor in series with the discharge current and a 95 uF
capacitlor in parallel. The filter damps out thruster discharge oscillations. Discharge
current oscillations are measured with a F.W. vBell IHA-25 Hall probe connected to a
Tektronix TDS 3034B oscilloscope. Figure 2-2 shows an electrical schematic of the PS5
Hall thruster electﬁéal circuit. '

High-purity (99.9995% pure) xenon propellant is supplied to the Hall thrusters
from compressed gas bottles through stainless-steel feed lines. MKS 1179JA mass flow
controllers with full scales of 20 and 200 sccm meter the cathode and anode propellant -
flows, respectively. The flow controllers are calibrated with a custom apparatus that
measures gas pressure and temperature aé a function of time in an evécuated chamber of
known volume. The mass flow controllers have an accuracy of 1% full scale.

One of the most important criteria for Hall thruster clustering is the spacing of

the array elements. To minimize structural mass and the physical envelope of the cluster,
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the elements of the cluster should be as close as possible without adversely affecting their
performance. In large part, the magnetic field inside the Hall thruster channel governs
the performance of the Hall thruster.>® The cluster elements are spaced 40 cm apart
(centerline-to-centerline), to ensure that the magnetic field within the discharge chamber
and the external radial field a;e unaffected by the adjacent element of the cluster array at
the maximum magnetic field strength of the monolithic thruster. The maximum magnetic
field operating condition has an inner coil current of 8.53 A and a outer coil current of
2.05 A. The radial spacing of 40 cm is‘selected by measuring the radial magnetic field of
one thruster and then of the cluster while increasing centerline spacing. The differences
in the radial component of the magnetic field between these two configurations are found
to be negligible (less than 5%).with a centerline spacing of 40 cm. The magnetic field is
measured 6 mm upstream of the thruster exit plane with a standard Hall probe mounted
on a linear motion table to provide linear axial position with an accuracy of £1 mm. The
error in the magnetic field strength measurement is £5%.

The voltage potentials within the plume plasma are also considered for thruster
element spacipg. The varying magnitude of the plume plasma pdtentiai is not large
enough to create an electric field sufficient to cause a substantial deviation in the
trajectory .of high-speed ions create& in the discharge channel. | Therefore plume
interaction should not be large enough to affect the performance of the individual

elements. However, plume interaction may affect the plume characteristics by changing

the trajectories of the slow CEX ions.*’ This effect is investigated in Chapter 5.
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Figure 2-2: Electrical schematic of power electronics used to run the PS5 Hall thruster.
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2.1.2 NASA-173Mv1l

The pressure map experiments in VF-12 at NASA GRC are 'perfc')rmed on the
NASA-173Mvl, which is shov&;n in Figure 2-3. The 173Mv1 has a mean diameter of 148
mm, a channel width of 25 mm, a channel depth of 38 mm,>and has a nominal power
rating of 5 kW. The 173Mvl and the P5 have identical discharge chamber dimensions,
- but different magnetic field profiles. A laboratory-model cathode is located at the 12
o’clock position on the thruster. The cathode orifice is located approximately 30 mm
downstream frorﬁ the outer front pole.ln)iece. For all cases, the cathode flow rate is set at
0.60 mg/s. The discharge chamber is constructed of M-grade boron nitride. The 173Mvl
uses the same electrical circuit show in Figure 2-2 minus the discharge filter. Hofer

provides a more detailed description of the 173Mv1 in Reference 23..

Figure 2-3: NASA-173Mv1 Hall thruster.
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2.2 Vacuum Facilities

2.2.1 Plasmadynamics and Electric Propulsion Laboratory (PEPL)

The P5 experiments are conducted in the Large Vacuum Test Facility (LVTF).
The LVTF is a stainless steel-clad vacuum chamber that has a diameter of 6 m and a
length of 9 m. The thruster is mounted at Station 1, as indicated in Figure’2-4. At this
position, the thruster is medially located along the radial axis of the tank, and the plume is
allowed to expand freely approximately 7 meters along the centerline axis. The facility is
equipped with seven CVI TM-1200 re-entrant cryopumps, each of which is surrounded
by a LN, baffle. With seven pumps operating, the pumping speed of the facility is
500,000 Vs on air, and 240,000 I/s on xenon.‘

Two hot-cathode ionization gauges monitor chamber pressure, as indicated in
Figure 2-4. The first gauge is a Varian model 571 gauge with a HPS model 919 Hét
Cathode Controller. The second is a Varianb model UHV-24 nude gauge with a Varian
UHV senTorr Vacuum Gauge Controller. Pressure measurements from both gaugés are
corrected for xenon using the known base 'préSsure on air and a correction factor of 2.87
fqr xenon according to the following equation.>

BB
¢ 287

+P, Eqn.2-1

where P, is the corrected pressure on xenon, Pj is the base pressure, and P; is the
indicated pressure when xenon is flowing into the vacuum chamber. For the experiments
reported here, the LVTF is operated with two, four, and seven cryopumps. The nude

~ gauge reading is used to measure operating pressure. A previous study has shown that
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the nude ion gauge reading is the most accurate estimate of the LVTF background

pressure.*®
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Figure 2-4: Schematic of the LVTF.
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2.2.2 Vacuum Facility 12: NASA Glenn Research Center

Experiments at NASA GRC are conducted in Vacuum Facility 12 (VF-12). The |
NASA-173Mvl is mounted on the chamber centerline with the exit plane 1.25 m
downstreafh of the rear door, as indicafed in Figure 2-5. VF-12 is 3 m in diameter and 9
m long and is equipped with a liquid helium cryopanel surface with a pumping speed in
excess of 1,000,000 liters per second on air and 282,000 I/s on xenon. A 1000 Vs (air)
turbo pump, loéated on top of the chamber, evacuates non-condensable gases. Table 2-1
- presents the average anode and cathode flow rates, pumping speed, and resulting

operating pressures in VF-12 for the conditions investigated.
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Anode | Cathode | Nominal | - Main

Flow Flow |Pumping| Pressure
Speed

(mg/s) | (mg/s) Us) |(Torr-Xe)

5.25 0.60 282,000 | 3.0E-06

10.46 0.60 282,000 | 5.0E-06

14.09 0.60 282,000 | 6.7E-06

Table 2-1: 173Mv1 Cold Flow operating conditions in VF-12.

Chamber pressure is monitored by two hot-cathode ionization gauges, as
indicated in Figure 2-5. The corrected main gauge reading is rgported as the facility
background p.reésure. The turbo ionization gauge, located near the turbo pump, is not
considered when reporting the facility pressure. All pressure measurementé from the

main gauge are corrected for xenon using the known base pressure on air and a correction

factor of 2.87 for xenon according Eqn. 2-1.
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Figure 2-5: Schematic of VF-12.

2.3 Ionization Gauge
A set of hot-cathode ionization gauges measures the pressure over a large area
of the LVTF. The pressure maps are later used to create a technique for calibrating a
vacuum facility in terms of pressure. The pressure map data are then used to validate a
numerical simulation of a Hall thruster plume expansion in the LVTF..as well as to

determine the xenon-to-cryosurface sticking coefficient of the cryopumps.

- 2.3.1 Introduction

“Pressure” is a measurement of great importance in scientific investigations that

require a vacuum environment. Electric propulsion requires the creation of the space .
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“environment in a ground-based vacuum facility as well as knowing the pressure of the
background gas in the facility. Although the true quantity of interest is the gas number
~ density, it can be related back to the force-per-unit-area (pressure) that we are familiar
with at higher pressures. As the pressure is reduced, it becomes increasingly difficult to
measure the pressure with conventional m‘eéhanical gauges. The problem is that
mechanical gauges lose their sensitivity as the pressure decreases. In addition, their
application is further hampered by cost and/or response time. In the high and ultrahigh
vacuum region (where the particle density is extremely small) it is only possible to detect
the minute forces that result from the direct transfer of momentum or lener‘gy in
specialized iaboratory situations. Even a capacitance manometer cannot detect pressures
lower than 10 Pa (10 Torr).*® The principle used for the measurement of pressures
lower than 10 Pa is the ionization of gas molecules, and the collection of the ions anid
their subsequent amplification by sensitive and stable circuitry. Because of the
limitations of the mechanical gauge, the ionization gauge is clearly the most widely used
vacuum gauge belqv-v' 107! Pa. |
The Bayert—Alpert (BA) hot-cathode ionization gauge measures pressure over
the range of 107 -Pa (10™* Torr) to 107% pa (10'12 Torr) with an accuracy of £30% as
reported by Varian. >’ Estimates of the pressure for the experiment are 107 Pa (10'5 Torr) -
to 10 Pa (10 Torr), based on previous experimental data taken by the LVTF wall
gauges. Because of its accuracy over the anticipated range of pressures, the BA gauge is
selected to measure the chamber pressure field. For this investigation, Varian 571 BA
type-standard range ionization gauge tubes are used to measure the chamber pressure

field because of their rugged construction, low cost, and long life.
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2.3.2 Principle and Limitations of Ionization Gauges

In a hot-cathode ionization gauge, a heated cathode emits a current of electrons,
which is accelerated through a voltage between the cathode and a grid. For the Varian
BA 571 ionization gauge, the grid is at +150 VDC with respect. to ground and the cathode
filament is at +30 VDC with respect to ground. The energetic electrons collide with and
~ ionize the background gas that enters the gauge. The ions are attracted to a collector
which is connected to the facility ground. Figure 2-6 shows an internal schematic of an
ionization gauge. The number of poéitive ions formed is actually proportional to the
number density, not the pressure; the ion gauge is not a true pressure-measuring
instrument, but rather a particle-density gauge. The collected positive ion current is
proportional to pressure, provided that all other parameters, including temperature, are
held constant. The pressuré in the gauge, P, can be related to the emission current, F, and

collector current, I', by

+ g+ :
P= % Eqn. 2-2

where §” is the gauge sensitivity, and I," is a pressure independent residual current. Itis
assumed that pumping conductance losses caused by the tube on the ionization gauge are
small. Thus, the background number density within the ionization gauge is equivalent to

the background number density in the vacuum facility.
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Figure 2-6: Internal schematic of an ionization gauge.

The inverted triode geometry, commqnly known as the BA configuration, has
the cathode outside the grid and the collector is a fine wiré along the axis of the grid.
.Electrostatic forces maintain a high ion collection efficiency, while the small geometric
cross section of the collector results in résidual currents three or more orders of
magnitude small than those of older conventional triode gauges.

The lower pressure limit of an ionization gauge is determined by the pressure at
~which the ionized particle current is equal to a residual or background current. The
residual current is primaﬁly due to photoelectrons ejected from the collector by soft x-i
rays generatéd by collisions of electrons wit_h‘ the grid. The x-ray limit pressure 6f the
Varian BA 571 ionization gauge is 2x10'16 Tormr-N;. A secondary contribution is due to
electron-stimulated desorption of ions from the gn'd.-

Eqn. 2-2 and the mechanical simplicity of the ion gauge give‘ the impression that
ion gauges are simple, theoretically predictable devices. Unfortunately, the performance
of an ion gauge depe_nds on a number of factors that are difficult to model and
quantitatively evaluate: electrode geometry, electrical parameters, surface and bulk
properties of electrode material, emission characteristic of filaments, space and surface
charges, to name a few of the more obvious. Further information on ionization gauge

operation can be found in Tilford,*® Lafferty,” and Readhead.®
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In this investigation hot and cold pressure maps are performed in the LVTF.
Thus, the BA gaugeé need a neutralizer to ensure that the plasma does not affect the
pfessure measurements. To make the hot and cold flow experiments identical in setup,
the neutralizers are also used during the cold flow experiment. The neutralizer design _
prevents plume ions from having a direct line of sight to the ionization gauge filament.
The neutralizer contains two 72 mesh screens (0.5 mm by 0.5 mm and 1.0-mm-thick) that
are floating to ensure neutralization of any ions that travel inside the orifice that are not
neutralized by the grounded walls of the neutralizer b.ody.‘ Figme 2-7 shows the Varian
571 BA ionization gauge and the neutralizer along with their orientation with respect to
the anode flow direction.

The screen grid openings are sized to ensure that the sheaths merge at all
locations within the exhaust plume. A grid opening larger than a few Debye lengths will
not allow the sheaths to mefge. Therefore, repulsion of beam ions will not occur near the
grid opening centerline, which allows beams ions to travel into the ionization gauge and
be collected by the filament. The Debye length is calculated with data previously taken
in the P5 plume using a Langmuir probe. The electron number density, n;, an& electron
temperature, T,, are approximately 7.5x10'° ¢cm™ and 1.6 €V at a location 1 m
downstreafn of the P5 exit plane.53 This yields a Debye length of 0.034 mm. The screen

-opening is 0.5 mm by 0.5 mm, which requires a sheath thickness of approximately 7
Debye lengths- for the sheaths to merge. Away from the thruster centerline and exit
plane, the Debye léngfh increases due to the decrease in electron number density. A

| longer Debye length ensures that the sheaths have merged, which makes it less likely for
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ions to enter the gauge. Thus, the ion filter is more effective the farther the gauge is from

the thruster exit plane and from thruster centerline.
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"Figure 2-7: Schematic of the Varian 571 BA Ionization Gauge connected to the neutralizer.

2.3.3 Ionization Gauge calibration

| Calibration of the five ionization géiuge systems is performed by the Helium
Leak Testing Incorporated Calibration Laboratory in Northridge, CAT. Two of the BA
gaugés are controlled by separate Varian éenTorr gauge controllers. The remaining three
BA gauges are controlled by a Variaﬁ Multi-Gauge controller. Each system is comprised
of a BA gauge, the actual internal and external cables used in the LVTF, a Varian 10-wire
vacuum chamber instrumentation feedthrough, and a Varian BA circuit board mounted in

either the senTorr or Multi-Gauge controller. Each system is calibrated with xenon as a

t http://www heliumleaktesting.com/general/study.htm
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one-piece unit using a Nétional Institute of Standards and Techriology traceable Leybold-

Heraeus Viscovac VM211 spinning rotor viscosity gauge.

. 2.4 lonization Gauge Positioning System

The Ionization Gauge Positioning System (IGPS) allows the pressure
measurements to be taken throughout the majority of a chamber with a single evacuation

cycle. The following sections describe the systems used in the LVTF and VF-12.

2.4.1 LVTF Ionization Gauge Pdsitioning System

* The pressure maps are performed with a rake consisting of five calibrated BA
hot-cathode ionization gauges. To generate the two-dimensional pressure map inside the
LVTF, the ionization gauges are mounted to a custom built, two-axis positioning stage.
This crosséd-stage positioning system is composed of a 1.8-m-long linear stage in the |
radial ciirection, mounted on a 0.9-m-loﬁg linear stage in the axi'ai direction. Both stagés
have an absolute linear position accuracy of 0.15 mm. The IGPS 'moﬁnts to the
positioning stage and carries the five BA gauges used to survey the chamber. Figure 2-8
shows a schematic of the IGPS mounted within the LVTF. The locatibns xﬁapped by the
IGPS cover an area with a minimum distance from the thruster of 0.5 m, encompassihg
the typical 1 m distance at which plume properties are measured. Pressures at locations
closer than 0.5 m to the exit plane exceed the shut-down limit of the ionization gauge
controller.

The 5 Varian ‘571 BA type standard range ionization gauge tubes measure the
chamber pfessure field in the LVTF. To operate the BA gauges on the IGPS, a custom

set of cables are constructed. These cables pass through the chamber wall on five, 10-
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wire instrumentation feedthroughs. The overall cable lengths from controller to BA
gauge are between 15 and 23 m, depending on the location of the particular gauge. To

~verify the operation of each line after the setup is complete, a sealed-glass ionization
gauge is operated with a senTorr controller. This test confirms the operation of the
equipment while the facility is at atmosphere’ ts avoid unnecessary evacuation cycles of
the vacuum chamber. Varian reports that the reference ionization tube is sealed-off at
less than 6.7x10™ Pa (5.0x10°® Torr). Each of the five jonization gaﬁge systems measure
pressures below the maximum pressure reported by the vendor. The maximum spread i_n
measured pressure is 35%, which is the standard uncertainty of BA gauges. The five BA
gauges mounted to the IGPS all measure base pressures within 45% percent of the
pressﬁre reported on the nude gauge used to monitor facility baékground pressure. This
agreement confirms that the ionization gauges mounted on the IGPS are operating
properly at vacuum.

Given the symmetric purhp configuration, we assume that chamber pressure is
horizontally symmétric about the chambgr centerline in the LVTF. This assurﬁption
reduces the number of spatial positions that are mapped. All pressure map data presented
are only from one side of the chamber. In a previous experiment we created a cold flow
pressure map of the LVTF with the same ionization gauges and neutralizers used in the
eXperiments presented in this thesis. The results of that study show that the neutralizer

conductance does not noticeably affect the time response of the internal ionization

gauges.*
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Figure 2-8: Schematic of the IGPS mounted in the LVTF.

Figure 2-8 displays the IGPS mounted in the LVTF and Figure 2-9 shows the 25
cm by 25 cm square grid on which data points are taken. The solid ;:ircleé indicate the
position of each of the five probes whf;n the IGPS is in the initial position. Gauge 1 is
positioned on the opposite side of the chamber centerline so any possible wake effects
generated by the gauges do not interfere with downstream probes. Figure _2-9 also shows
the coordinate sysfem used for this experiment. The coordinate sysfem origin is located
at the discharge chamber exit plane on the thruster centerline. The cluster pressure maps

discussed in Chapter 5 only use gauges 2 and 4 of this system.
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2.4.2 VF-12 Ionization Gauge Positioning System

To generate the two-dimensional mapping inside VF-12, the ionization gauges
are mounted to a Parker Daedal two-axis positioning system. The positioning system
consists of a 0.6-m-long linear stage in the radial direction mounted on a 0.9-m-long axial
stage; both have an absolute linear position accuracy of 0.1 mm. A LabView “Virtual
Instrument” (VI) contrbls the motion of the two linear position tables, which in turn move
the IGPS that carries the five BA gauges used to survey the chamber. Figure 2-9 shows a
schematic of the IGPS mounted within VF-12. The IGPS allowed the pressure

measurements to be taken throughout the majority of the chamber with a single
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evacuation cycle of VF-12. As in the LVTF, the region mapped by the IGPS covers an
area with a minimum distance from the thruster of 0.5 m, encompassing the typical 1 m
distance at which plume properties are measured.

Figure 2-10 displays the 25 cm by 25 cm grid in VF-12 on which data points
were taken. The solid circles indicate the po’si;ion of each of the five probes when the
IGPS is in the initial position. Figure 2-10 also shows the coordinate system used for this
experiment. The coordinate system origin is located at the dischargé chamber exit plane

on the thruster centerline, where negative X is to the left and positive Y is up the page.
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Figure 2-10: VF-12 half-plane (looking down) with the IGPS and a 25 cm by 25 ¢m grid. Each open
circle denotes the location of a data point,




2.5 Langmuir Probe

Langmuir probes are simple electrostatic devices used to measure plasma
parameters. Langmuir probes provide one of the best means for making spatially
resolved measurements of electron temperature, electron number density, and plasma
potential in plasmas. While the basic probe theory in an ideal plasma is quite simple to
implement, the plasma characteristics in the plume of the Hall thruster create significant
difficulties in collecting and interpreting probe data. Therefore, great care must be taken
in choosing the shape, size, and orientation of the probe due to the presence of streaming
ions, high plasma potentials and potential gradients, and large radial magnetic fields.5" &
Fortunately, many of these effects can be made negligible with proper consideration.

Langmuir probes are generally classified according to two parameters: the
number and the shape of the electrodes. Planar, cylindrical, and spherical probes with
one to four electrodes have been used in a wide range of plasmas and the theory of their
operation is extensive. Spherical probes are immediately rejected for this experiment
because of the difficulty in their construction, particularly of sizes small enough to
provide good spatial resolution in the plume. Both planar and cylihdrical probes are
easily constructed at very small sizes and can be configured as single, double or triple
probes. A single-cylindrical Langmuir probe is used for this investigation.

Information is derived from the Langmuir probe by understanding that the
current collected by the biased probe is composed of both ions and electrons. To first
order, the ion flux to the probe can be considered nearly constant because the low bias
voltages weakly affects the more massive ions. The electrons are strongly affectéd by the

bias voltage; thus, the current collected by the probe can be separated into the 3 regions
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shown in Figure 2-11. At voltages significantly below the local plasma potential, the
electrons are repelled and the collected current is due completely to the collected ion flux.
This is known as the ion saturation region, as labeled in Figure 2-11. At higher potentials
with respect to ground (but still be-low plasmé 'potential) the slower electrons do not reach
the probe, but the faster electrons are able to (;;/ercome the bias potential and reach the
probe. At potentials greater than the plasma potential, essentially all of the electrons that
reach the edge of the thin sheath around the probe are collected and the current density
reaches a plateau. This plateau is referred to as the electron saturation current. As seen
in Figure 2-11 the collected current in the electron saturation region tends to c_ontinually

increase with bias voltage because of sheath expansion.63
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Figure 2-11: Typical Langmuir probe characteristic in a Hall thruster plume.
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The interpretation of the current trace depends on the ratio of the probe radius to
the local Debye length and the environment in which the ﬁrobe is immersed. All
Langmuir probe measurements are made 1 m downstream of the thruster exit plane
(where the plasma is unmagnetized) with a single Langmuir probe constructed of 0.1 mm
diameter x 7.5 mm long tungsten.

-~ The plasma density and electron number density can be calculated for a
Maxwellian electron velocity distribution using thin-sheath theory, (where the sheath
thicknesé is much smaller than the prol;e radius). The local elect_ron temperature, T, can
be calculated from the exponential increase in collected current in the electron retarding

region using Eqn. 2-3.

Eqn. 2-3

Cun (dln(lp))"

e dv

The electron number density shown is Eqn. 2-5 is derived using the calculated electron
temperature, the Bohm sheath criterion shown in Eqn. 2-4, and the standard assumption

of quasineutrality shown Eqn. 1-8.

KT Y% . : ,
u, > £ Eqn. 2-4

I exp( % )

( m, )5 |
n, = - . Eqn.2-§
ed, k,T, .

Langmuir probe measurements in a Hall thruster plume are far more complex

~ than the linear case modeled by the above equations, particularly because the plasma is
flowing. The expansion of the non-neutral sheath causes the collected ion current to

increase with decreasing probe bias voltage. Thus, curve fits are applied to the collected
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current traces to approximate the ion saturation current, which introduces error into tﬁe
results. Furthermore, it is non-trivial to determine the plasma potential from the “knee”
-in the collected current because the “knee” is not digtinct. Finally; the probe perturbs the
plasma, since it must collect current from the plasma in order to function. Depending on
the conditions, the probe may causé a large i.)erturbation in the local plasma, which
introduces significant error into the results. For standard Langmuir probe theory,
Hutchinson indicates that the electron temperature and ion number dénsity measurements
have an uncertainty of 20% and 50%, respectively. ** |

A commercial system built by Hiden is used to is used to operate the Langmuir
probe in this study. The Hiden software applies O;bital-Motion-Limited (OML)*"® and
A thin-sheath theory®* to the resultant Langmuir probe traces to determine several plasma
parameters. The use of OML theory for analysis of the data is valid because the probe
radius (0.1 mm) is much smaller than the calculated sheath thickness (0.5 mm to 0.9 mm,
5to 10 Debye lengths) In addition, a collisionless sheath may be assumed since the
sheath thickness is much smaller than the electron mean free path (whlch is
approximately l m). The Langmuir probe current (1-5 mA) is small with respect to the
total discharge current (4.86 A), so the. probe rebresents a minor perturbation to the
plasma. Therefore, the measurements are expected to be valid.

The Langmuir probe bias voltage and cﬁrrent measurements are controlled by
the Hiden Langmuir pfobe system.®® The Hiden software, ESPion, récords the data and
calculates the plasma characteristics. By sweeping the Langmuir probe bias from -25 V
to 30 V, the probe current is measured through the ion saturation region, the electron

energy distribution region, and the electron saturation region. Each Langmuir probe trace
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contains 1100 points and 10 sweeps are obtained at each position. The Langmuir probe is
cleaned by the 200+ eV ions that collide with it during the ion collection portion of the

voltage sweep.

2.6 Faraday Probes

Faraday probes measure the ion current density profile in the Halla thruster
plume. In its simplest form, the Faraday probe consists of a planar metallic disc biased to
a sufficiently negative potential to répél all electrons. Thus, the probe current is only
caused by ions impacﬁng on the probe surface. As seén in F iguré 2-12, it operates in the
ion saturation region.

A shortcoming of nude Faraday probes is that the measured ion current density
depends partly- on the facility size and operating pressure, which makes comparisons
between ion current density data collected in different facilities non-trivial. Facility
effects due to elevated operating pressures are driven by CEX collisions of directed
plume ions with the random background population of neutrals. In resonant CEX
collisions, a “fast mow}ing” ion exchanges an electron .with a “slow moving” neutral.
Because the pfocess does not involve momentum transfer, the resulting products are a
fast neutral moving with the original ion velocity and a slow ion moving in a random
direction. The nude Faraday probe is unable to differentiate between .io_ns created in the
discharge chamber and slow CEX ions, which leads to artificially high ion éurrent density
measurements ét large angles off axis (> 60°). This leads to an over-prediction of the

" beam diveréence angle and the integrated total beam current.
The ion current density measured by a Faraday probe 1 m downstream of the

exit plane is subject to several sources of error. First, the probe is a physical disturbance
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to the local plasma, but the dimensions of all of the probés used are much larger than the
local Debye length and the electron mean free path is iarge compared to the probe
dimensions. Thus, the disturbancé to the plasma should be small, as discussed in the
previous section on Langmuir probes. Second, secondary electron emission (SEE) from
the probe surface causes error in the measured mion current. The probe collector surface
material effects are discussed in the following sections, as is the expected error caused by
SEE. Third, sheath edge effects on the negatively-biased collector surfaces can increase
the effective collection area of the probe, thus leading to error in the calculated idn
current density. Each of the Faraday probe désigns includes a negatively biased “guard
ring” designed to create a flat, uniform sheath over the collector surface, minimizing the
~error caused by edge effects. The last two sources of error are due to physical alignment
of the probes and the electronic measurement of the current. Misalignment of the probe
causes a reduction in the effective probe area. This error creates uncertainty in the
calculation of ion current density. The probes are aligned with a laser and an electronic
level to within £0.2 .degrees. The electronip measurements of the current have an eﬁor of
2%.

In response to the shortcomings of nude Féraday probes, this study evaluates the
performance of five distinct Faraday probe designs (Probes A, B, C, D, E) in an attempt
to. determine which design most accurately measures the ion current density independent

of facility backpressufe. The following sections describe the five designs used and their

electrical configurations.




2.6.1 Data Acquisition

The thrustef and cluster are mounted with the exhaust beam aligned parallel to
the chamber axis, such that the thruster and cluster centerline is referenced as zero
degrees. The probes are positioned (19.50 + 0.25)° apart on an overhead, rotating arm
that is attached to a rotary table with a repeatability of 12 arc-sec. The probes are alighed
~ to the center of the cluster element or the cluster exit plane and placed (100.9 £ 0.1) cm
downstream of the thruster. A scan of the thruster plume from -100 to 100 degrees, in 1°
increments, takes approximately 6 miﬁutes. Typical collector currents range from 0.2 to
3.4 mA.

Probe data are acquired using an Agilent HP34970A 22-bit, 20-channel data
acquisition system. In the following discussion, all data reported are with the collector
and guard ring of Probes A, B, C, D and, E biased to 20 V b¢low facility ground by a
single power supply. Figure 2-12 shows that prior use of Probes A and C at PEPL
indicates that a bias voltage of 20 V below facility ground is sufficient for the collector to
enter ion saturation without substantial sheath growth.67’ 68 Similar studies performed on
Probes D and E confirm the validity of the collector and ‘guard ring bias voliagé used, but
are not shown. A 99.6 Q current shunt is placed in the biasing line copnected to each
collector. “Probe current is measured x;vith this shunt resistor. The iop current density is

calculated by dividing the current by the collector surface area.
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Figure 2-12 Effect of varying the probe bias at several angular positions. (300 V, 4.41 A thruster
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2.6.2 Probe A Jet Propulsion Laboratory (JPL)

Probe A is a nude Faraday probe provided by JPL. Nude means that the probe
does not have a filter upstreém of the collector. Figure 2-13 shows a schematic of Probe
A, which consists of a collection electrode enclosed within a guard ring. The}collection
electrode is aluminum, spray-coated with tungsten to minimize secondary electron
emission (SEE). The collector and guard ring of Probe A are'designed to be biased to the
same negative potential below facility ground; this minimizes edge effects around the
collector by creating a flat, uniform }éheath over the collec;tion area. The guard ring
spacing is compared to the plasma Debye length to qualitatively verify the collector
sheath profile of nude Faréday probe. Haas presents measurements of typical PS plume

% From the measured electron temperature, 7,, and the electron number

parameters.
density, n,, the Debye length, A4, is calculated using Eqn. 2-6, and the probe sheath, 1, is
* approximately 1.5-3.0 mm (the sheath thickness is 5-10 Debye lengths). The guard ring
gap of the nude Faraday probe is 0.4 mm, which is smaller than the sheath thickness and
should result in a smooth sheath surface over the collector. Table 2-2 ‘summarizes the

relevant dimensions and component bias voltages. Figure 2-14 shows the electrical

schematic used for Probe A.

T, % '
1‘,:( 2 eJ Eqn. 2-6
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Figure 2-13: Schematic of Probe A. The collector is isolated from the guard ring with ceramic

standoffs.
Part Name Dimension Bias Voltage
(cm) V)
Probe Collector -20
QOuter Diameter 231
Gap Thickness 0.23
Probe Guard Ring -20
Outer Diameter 2.54
Thickness 0.07

Table 2-2: Dimensioﬁs of Probe A.

:
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Figure 2-14 Electrical schematic of the Faraday Probe A setup.




2.6.3 Probe B (MFFP)

Probe B is composed of a nude Faraday probe, identical to Probe A, positioned
behind a “C” bracket that creates a magnetic field in front of the probe. This setup is
referred to as the magnetically-filtered Faraday probe (MFFP). Figure 2-15 shows a
schematic of the MFFP looking in towards the collector. The magnetic field is designed
to filter CEX ions away from the probe collector. Probe A is positioned behind the filter
to collect ions that pass through the magnetic field. A graphite faceplate is attached to the
front of the filter and two aluminum .sAide panels are also attached. The faceplate has a
2.54 cm (1 in.) diameter hole machined directly upstfeam of the probe to allow ions to
enter. The distance from ti]e faceplate hole to the probe is 5.85 cm. The other faces of
the probe are physical shields_to prevent stray ions from being collected by the probe.
The faceplate and sideplates are electrically floated. The magnetic filter contains a
cylindrical solenoid connected to _twoi iron plates to form a “C” shape. Permanent
samarium cobalt magnets connected to the iron plates provide a “baseline” magnetic
field. The solenoid can operate between +5 A, with +5 A increasing the flux density and
-5 A reducing it. Thié yields an ion energy filtration raﬁge of approximately 8 — 30 eV
when the solenoid current is varied from -5 to +5 A. Figure 2-16 shows the trajectory

paths for filtered and unfiltered ions. Rovey describes the probe in more detail in

Reference 70.




Solenoid
Permanenit

Magnets

ron Plate

* Faraday Probe

Spacer

Figure 2-15: Schematic of Magnetically Filtered Faraday Probe. The collector is isolated from the
guard ring with ceramic standoffs. (Guard ring not shown) '
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Figure 2-16: Solid model of the magnetic filter. Particles enter along the z-axis, directed into the

page. (L. =5.85cm, D'=2.54 cm) , :

2.6.4 Probe C (NASA Glenn Research Center)
Probe C is a nude Faraday probe designed by NASA GRC. Figure 2-17 shows

a schematic of Probe C, which consists of a 1.94 cm diameter collection electrode
enclosed within a guard ring. The collector and guard ring are constructed of stainless
steel and are not spray-coated with tungsten, like Probe A, to reduce SEE. The collector
surface and guard ring are mounted to a ceramic electrical insulator. As with Probe A,
the collector and guard ring of Probe C are biased té the same potential below facility

ground to minimize sheath edge effects. Table 2-3 summarizes the relevant dimensions




and component bias voltages of Probe C. Figure 2-18 shows the electrical schematic for

Probe C. The results of prior use of this probe are located in Reference 67. '

Guard Ring

Ceramic Insulator Collector

Figure 2-17: Schematic of Probe C. Tlie collector is isolated from the guard ring with ceramic
standoffs.

- Part Name Dimension Bias Voltage
' (cm) V)
Probe Collector -20
QOuter Diameter 1.941 '
Gap Thickness 0.279 ,
Probe Guard Ring ' -20
Outer Diameter 3.185
Thickness 0.483

Table 2-3: Dimensions of Probe C
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Figure 2-18: Electrical schematic of the Faraday Probe C setup.

2.6.5 Probe D (Centrospazio/ALTA)

Faraday Probe D was donated to PEPL from Centrospazio/ALTA for facility
effects work. Figure 2-19 shows a schematic of ProBe D. The collimator diameter and
spacing from the collector ensure that a uniform sheath is created across the collector
Aface. The probe collector is made from molybdenufn. The outer shield-épacer is made
from stainless steel and molybdenum, and the inner insulators are constructed of Teflon.
Tables 2-6 and 2-7 list the relevant dimensions and bias voltage of each component,

respectively. Figure 2-20 shows the electrical schematic used for Probe D.
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Figure 2-19: Schematic of Probe D.
Part Name Dimension
(cm)
Collimation hole diameter 1.0
External shield diameter 4.0
Collimator angular resolution 0.6° @ 100.0 m
Probe length : 3.5
Collector Area . 0.5
Table 2-4: Dimensions of Probe D.
Part Name Bias (V)
Probe Collector -20
External diameter -20

Table 2-5: Probe D component bias voltages.
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Figure 2-20: Electrical schematic of Faraday Probe D.

2.6.6 ProbeE (AFRL)

Probe E is a gridded Faraday probe designed by the AFRL. Gridded Faraday
probes are designed to repel all CEX ions away fromi the collector, thus allowing the true
ion current density to be measured at elevated facility backpréssures. This device is
identical to the retarding potential analyzer (RPA) described in the next séction, but with
the center electrodes removed. Figure 2-21 shows a schematic of Probe E in‘the RPA
configuration. To use the RPA as a gridded Faraday probe, Grid 1 floats to minimize |
perturbations to the plasma, Grid 3 is removed, and the outer body is held at go@d
potential. Grid 2 is biased 30 V above ground to repel CEX ions and the copper collector
is biased 20 V below ground to repel electrons. Therefore, only high-energy ions

originating from the discharge channel reach the probe collector. The secondary electron

71, 72

emission coefficient of copper is less than 0.1 for ion impact energies up to 1 keV




The SEE coefficient of copper is an order of magnitude larger than fhe SEE coefficient of
tungsten fmpacted by singly-charged xenon and may lead to a small overestimate in the
measurement of the ion current density. This error is discussed in more detail in the next
section, which describes the RPA.

The outer body of the probe is constructed of 316 stainless steel (SS) tubing. A
phenolic sleeve placed inside the body provides electrical isolation of the grids. All grids
are identical and are cut from photochemically-machined 316 SS sheet with a thickness
of 0.127 mm (0.005”). The grid 'opeﬁings are 0.2794 mm (0.0_ll”) in diameter with a
total opeh area fraction of 38%.. The grids are spaced with machined Macor washers. A
stainless steel wire electrode, spot-welded to each grid, provides an electrical connection.
The wires are routed along the inner face of the phenolic sleeve and out the back of the
probe body. Structural contact between the washers and grids is maintained by a spring
placed behind the collector and the reaf cover. Table 2-6 and Table 2-7 list the relevant
dimensions and component bias voltages, respectively. Figure 2-22 shows the electrical

schematic used for Probe E.
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Figure 2-21: Schematic of Probe E/RPA. Note: Grid 3 is removed when used as Probe E.

Washer Inner Diameter Thickness
(mm) (mm)
1 18.54 1.067
2 21.54 A 3.353
3 21.54 ' 1.727
4 21.16 6.553
5 21.23 1 6.533

" Table 2-6: Dimensions of Probe E (AFRL).

Part Name Bias (V)
Grid 1 Floating
Grid 2 30
Grid 3 N/A
Collector -20

Table 2-7: Probe E component bias voltages
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Figure 2-22: Electrical schematic of Faraday probe E.

2.7 Retarding Potential A;lalyzer

A retarding potential analyzer (RPA) is one diagnostic used to measure the ion
energy per unit charge distribution:in the Hall thruster plume. By positively biasing Grid
3 in the gridded Faraday prdbe (Figure 2-21), ions below a critical velocity, v, as
defined in Eqn. 2-8, are repelled away from the collector of the diagnostic. Since the ion‘s

are not collected, the current measured by the collector is showﬁ in Ecin. 2-7, wheré fv)

is the ion velocity distribution function andj is the charge state of the species.

oo

I = ACeanqj Ivf(v)dv " Eqn.27

J Vgrid

Eqn. 2-8 yields v, as a function of the grid bias voltage.

2q.eV . S
V.. = 29, grid Eqn. 2-8
mi . R

[44]




The critical velocity below which ions are rejected depends on both the mass

and charge state of the sampled ions. The Hall thruster plume is comprised of ions of

‘nearly identical mass, which is dependent on the propellant. However, approximately

10% of the plume contains multiply—charg'e:d ions.” For simplicity, we define an
equivalent ion voltage, which is the ion kihe;ic energy pér unit charge. Using this
definition and substituting variables allows the collected current to be written as a
function of the retarding grid potential and the ion voltage as showﬁ in Eqn. 2;9, where
the effective charge state, qef, is defined in Eqn. 2-10. Differentiating Eqn. 2-9 yields
Eqn. 2-11, which shows that the ion voltage distribution is directly proportional to the
derivative of the collected current with respect to the retarding grid voltage. The RPA is
only éapable of measuring the energy distribution per charge Because a singly-charged
ion traveling with a given kinetic energy is indistinguishable from a doubly-charged ion

possessing twice that kinetic energy.

2.2 o
n.e .
IcoII = Ac £ 1o Yf(v)dv . Eqn.2-9
M yeia
2
(njq,-)
2 J '
Qeff =5 Eqn. 2-10
2 ‘
J
2 2
dl n,q--e
=—A, Zedar® ) Eqn. 2-11
av V=V m; :

The RPA used in this experiment is based on the multi-gridded energy analyzer
described by Hutchinson.* A physical description of the probe is given in the previous

section that describes Probe D. During operation, Grid 1 floats providing a non-

perturbing interface between the probe and the plasma, while a laboratory power supply




biases the second grid 30 volts below ground to repel electrons. A Keithley model 2410
sourcemetér sweeps Grid 3 from 0 to 750 volts relative to ground. The resﬁlting current
to the collector is measured by a Keithley model 486 picoammeter, and the entire data
acquisition routine is controlled by a computer running LabView software.

One neglected factor in the present implementation of this diagnostic is SEE
from the copper collector. In theory, the variable SEE yield for the collector material as a
function of jon impact energy could cause an overestimate of the fraction of ions at the
energies for which the SEE yield of copper is high. Fortunately, for impact energies
below 1 keV, the SEE yield of copper is less than 0.1 electrons per ion.”* The potential
source of error due to SEE is thought to be negligible because of previous, unpublished
tests with this instrument, which used an electron suppression grid upstream of the
collector (between washer 4 and 5 in Figure 2-22). This grid is biased below ground,
reflecting the secondary electrons back to the collector. A series of tests with and without
the suppression grid in place show no noticeable changes in the measﬁre’d déta.50 In this
investigation, the suppression grid is not installed in order to maximize the open area
fraction of the grid system and to ensure an adequate signal to noise rétio. o

Eleven—point box smoothingb of the raw RPA data reduces numerical noise in the
numerical differentiation routine needed to obtain the ion energy distribution per charge.
Figure 2-23 shows a sample of the smoothed data along with the raw data and the
resulting ion cnérgy distribution per charge. At each angle from}the plume centerline,
multiple traces are collected to verify the repeatability of the measured distribution. The

trace shown in Figure 2-23 is taken 1.0 m downstream on the centerline of the P5-A Hall
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 thruster operating at 300 V and 5.46 A at an operating pressure of 1.9x10°° Torr-Xe.

RPA construction details can be found in References 33 and 50.
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Figure 2-23: Raw RPA data, smoothed data, and the resulting ion energy per unit charge

distribution.

2.8 Parallel-Plate Electrostatic Energy Analyzer |

A 45-degree, parallel-plate electrostatic energy analyzer measures the ion
energy distribution function throughout the Hall thruster plume.”® This section describes
the ESA used in this research.

The 45-degree, parallel-plate ESA is a well-known method in charged particle
beam physics research for filtering particle energies.75’ 76 Figure 2-24 shows a schematic

of the ESA. The ESA uses a sampling slit to admit a beam of plume ions with velocity v;




into the device. The beam then passes through the second skimmer slit located at the rear
of the entrance box. The analyzer uses a constant electric field created by two parallel
plates separated by a distance, d. The lower plate is electrically grounded while the upper

plate is biased to a positive potential, V;, to reflect ions admitted through a slit of width w

in the grounded baseplate. The applied electric field, E, forces ioﬁs of a selected initial
energy to charge ratio, E/g;, through a trajectory that pas:ses through a second slit a
distance L fro.m the first slit. At this point, the ions are collected by a detector as shown
in Figure 2-24. Since only ions of a specific energy to charge ratio are collected, the ESA
acts as an energy—per—charge filter for a given ion species. The output current of the
detector as a function of electric field strength between the plates is proportional to the

ion energy distribution per unit charge.

€1 o
- : R - Detector

Figure 2-24: Schematic of parallel-plate electrostatic energy analyzer operation.

Within the ESA, ions experience a constant acceleration caused by the electric
field magnitude, V,/d. The E-field is oriented at an angle of @ to the initial direction of
ion travel. The E-field accelerates the ions in the negative y-direction. By integrating

Eqn. 2-12 and Eqn. 2-13 twice, removing the time variable, and then applying the



rphysical boundary conditions, the ion trajectory as a function 6, Eqn. 2-14, is derived.

The spatial coordinates are measured from the inlet slit.

m d—2x—0 ' Eqn. 2-12
" df? '
- .
eV

m; y_ iV Eqn. 2-13

dr? d

eV.x?
y =xtan(0) - q'ze L 3 Eqn. 2-14
2m;v;dcos”(8)

For the specific case of a 45° ion injection angle, ioﬂs exiting the second slit
(x=L, y=0) are related to the voltage of the repelling plate by Eqn. 2-15 where the
spect;ometer constant;, Kys equals L/2d. Thus,. the collector current measured as a
function of the abl;lied plate voltage is proportional to the. ion energy per charge
distribution. Note that this result is independent of the ion mass.

v, =—2%VR =KV . Eqn. 2-15

Thé above a{nalysis assumes a point source of ions entering the electric field
region within the ESA. The resolution of the device, R for a finite slit width, w for the
45-degree analyzer is given by Eqn. 2-1_6.76 The resolution of the ESA used is 0.6%.

Hofer lists the resolution of past parallel-plate analyzers used to measure the ion energy

distribution of Hall thrusters in Reference 77.

Eqn. 2-16




Figure 2-25: Photo of the parallel-plate electrostatic energy analyzer.

The resulting current to the detector can be expressed as the sum of the currents
associated with ions of various charge states as given by Eqn. 2-17. The current due to
each component can, in turn, be written as shown in Eqn. 2-18, where g; is the charge
multiple of each ionic species. Summing the components of Eqn. 2-18, explicitly |
calculating the factors involving charge state raised to the 3/2 vpower, and combining
constants into a single factor, k, allows the cunént to be written accordihg to Eqn. 2-19,
wher¢ we have introduced the charge state fractions, ¢; defined by Eqn. 2-20. Finally, we -
note that the ion density, n;(V)) is just the ion energy per charge distribution, as shown in
Eqn. 2-21_;_ By assuming that the term in square brackets in Eqn. 2-19 is constant at a

given location, the ion voltage distribution can be expressed directly as a function of the

- collected current and the ion voltage as in Eqn. 2-22. Note that Eqn. 2-22 implicitly

assumes that the charge state fractions are independent of the ion voltage. In situations
where the fractions change significantly as a function of voltage, the energy per charge

distribution would need to be modified by the bracketed term in Eqn. 2-19 where the

charge state fractions would be specified at each value of ion voltage.




I.=>1, Eqn. 2-17

) 3 3 2V'
I;=4n;(V;)v;q9;e=A4.n; ; )queA Pl Eqn. 2-18
I, = kfVn, (7)o, +2.83e, + 5200, +..] Eqn. 2-19
n.
Lo, = 4 Eqn. 2-20

m (V) = [¢./;()av . Eqn. 2-21
f7) Ic ' Eqn.2-22
i) = qn. 2-
.
Several res'earchers have constructed ESAs of varying size to study electric

propulsion devices both at PEPL”" ™8

and the Aerospace Corporation.”® The instrume:ﬁt
used for this Work was designed and constructed by Béal.so The instrument is a
derivative of a similgr design used successfully by Pollard to study a Hall thruster
plume.?® The main body of the< ESA consists of a cube constructed of the dielectric mica
material measuring approximately 300 mm (12”) in each dimension. Use of a dielectric
material reduces the disturbance to the plasma plume caused by the more common
grounded devices. The inner surface of the box is covered in aluminum foil, which is
eiectrically grounded to the chamber to prevent charge accumulation within the
instfument. To mainﬁin a low pressure within the mica box, slots are machined into the
side panelé. Grounded aluminum baffles placed at the vent hole entrances stop ions from

entering, but allow neutrals to escépe. A nude Faraday probe (Probe A) is used as a

current detector to measure the impacting ion current. The collector is spray-coated with




tungsten to minimizevthe secondary electron emission. The SEE yield of tungsten due to
impacting .xenon ions is low (<0.04 electrons per ion for Xe+) and nearly constant over
the energy range of interest to the present study; and thus, the energy per unit charge
distribution should not be skewed when collecting high-energy ions.”

The paraliel plates are held in position and electrically i‘solated by nylon rods
that are threaded into plexiglas blocks bolted to the mica box. The parallel plates,
constructed of 1.588 mm (0.0625”) Vthick aluminum, are separated by a distance of d
equals 76.2 mm (3.0”). The rectangular slits in the base plate measure 1.5 x 15 mm
(0.06” x 0.6”) and are 152.4 mm (6.0”) apart. To reduce the adverse effects of fringing
electric fields, two field correction plates are placed between the main plates at one-inch
intervals and biased by 2 MQ resistor strings.

During data collection, a LabView VI sweeps the repelling plate voltage, Vg,
from 0 up to as high as 1000 volts using a Keithley 2410 sourcerﬁeter. A Keithley model
486 picoammeter measures the ion current collected at the detectér.' Béth the plate

voltage and the collected current are recorded by a computer running LabView software.

. Several ESA traces recorded at each data point verify the repeatability of the collected

data. Figure 2-26 shows two sets of data collected on centerline of the P5-A thruster,
which show the repeatability of the device and the Hall thruster. The measured ion
voltage distribution can be affected by the plasma potential at the sampling aperture. As
plasma potential increases, the measured spectra shifts to higher véltages.80 In this work,
the ESA is positioned 1.0 or 1.5 meters downstream of the thruster exit plane (depending
on operating condition), where the measured plasma potential is low enough (< 10 volts)

that the effect on the ion energy per unit charge distribution should be negligible. |
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AFigure 2-26: Two ESA 'traces collected on the centerline of the P5-A operating at 300 V, 5 A. The
traces show that the ESA has good repeatability. '

2.9 ExB Probe

As bointeé o%n in the previous section, the ESA is unable to distinguish arhongst
ions of differeﬁt charge. The ExB probe,. also commonly referred to as a Wien filter, is
designed to measure the charge state fractions in the plasma plume "% This device uses
the Lorentz Force, given by Eqn. 2-23, on a moving ion caused by electric and magnetic .
fields. The ExB probe creates crossed electric and magnetic fields that are mutually
perpendicular to the -initial ion velocity vector, v, as depicted in Figure 2-27. In this
system, only ions for which the Lorentz force vanishes are able to pass through the

crossed field region and reach the collector. The velocity of the collected ion, v, is thus

related to the electric and magnetic field magnitudes by Eqn. 1-7.




F=g,e(E+7xB) Eqn. 223

, Detector
Exit .

Collimator

. Inlet
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Figure 2-27: Schematic of an ExB probe.

The ExB probe is purely a velocity filter. Thus, the collection criterion is
independent of ion mass and Sharge state, as shown in Eqn. 1-7. The charge state is
determined by using the relationship between ion velocity, v; and voltage, V; given by .
Eqn. 2-24. Eqn. 1-7 written for the collected particles is combined with. Eqn. 2-24 to
yield an equation that relates the voltage and charge state of an ion to the probe voltage at
which it will be detected. Eqn. 2-25 shows this relationship, where the magnitude of the
electric field has beeﬁ substituted with the voltage between the electrodes for the ExB
probe, Vs, divided by the electrode separation distanée, d. The ion voltage distribution
in a Hall thruster plume is normally oﬁ the order of 20 to 30 volts wide. Thus, multiply-
charged ions appear as distinct populations centered on a probe voltage'of approximately

(g)"* times the probe voltage at which singly-charged ions are detected.

2q,eV,

" Eqn. 2-24

i

2g.eV,
V,,=Bd |25
i . _Eqn.2-25




The ExB probe hsed in this study was originally designed and built by Kim.*!
Four ceramic permanent magnets create the magnetic field within this device. The
resultant magnetic field strength in the crossed-field region averages to 0.162 Tesla and
has an axial variation of less than 1(-)%.81 Th;: electric field is created by applying a
voltage between the two 27.9 x 3.8 cm rectangular aluminum electrodes, separated by a
distance of 1.90 cm. The configuration used in this investigation differs from Kim’s in
that the inlet and exit drift tube diameters have been increased to increase the magnitude
of the collected signal and the size of the imaged thruster area. This change reduces the
probe resolution, which is.characterized by the degree to which the theoretical collection
Voltagé of an ion can vary from the applied one, but still reach the collector. The
resolution is give by w in Eqn. 2-26 and implies that ions with Vg,ptw will be detected at

a probe voltage' of VExB.sl

The geometric properties used in Eqn. 2-26 are defined in
Table 2-8 and the values used for the measurements described in this dissertation are.
included as well. T‘he. probe geometry listed in Table 2-8 results in an acceptance‘ cone
half angle of approximately 3.1 degrees and a probe resolution (in voltage) of

approximately 3% for 300 volt ions and 6% for 600 volt ions. The equation below is

used to calculate the resolution of the ExB probe.®!

Vd(a, +a, a,;+a :
w24 "2 73 " 4 Eqn. 2-26
Z Z,

Zs

c




Parameter Symbol | Value (mm)
Diameter of Inlet Collimator Entrace a 6.5
Diameter of Inlet Collimator Exit a, 10.0
Diameter of Collector Collimator Entranc a; 8.7
Diameter of Collector Collimator Exit a, ' 8.7
Length of Inlet Collimator Z, 152.4
Distance Between Collimators Z; 254.0
Length of Exit Collimator Zy 152.4
Distance Between Electrodes d 190

Table 2-8: Gemﬁetﬁc properties of the ExB probe used for this study.

For this investigation, the negaﬁve electrode is grounded and the positive
electrode is biased pééitivé by a' Keithley model 2410 sourcemeter. Figure 2-28 shows
the circuit used. Jons that successfully traverse the crossed electric and magnetic fields
are collected by a tungsten plate (Probe A), which has a SEE coefficiént of . A Keithley

model 486 picoammeter records the current to the plate, which can be written as

2eq .V, :
Ij=Acqjenjuj(l+yj)=Acqjenj(1+7’j) —L L Eqn. 2-27

m;
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Figure 2-28: Electrical Schematic of the ExB Probe.

The current due to each charge state, Ij, is equal to fhe area under the
corresponding peak depicted in the sample ExB probe trace shown in Figure 2-29. It is
challenging to determine the area under each curve because of the overlap between the
peaks. For example, the population visible between about 75 and 125 volts in the sample

data of Figure 2-29 is likely to contain contributions from both singly-charged and

doubly-charged ions.
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Figure 2-29: Sample ExB data taken on the centerline of the P5-A operating at 300 V, § A, which
shows the peaks due to various charge species.

As explained by Beal, the ExB peak overlaps will not allow us to estimate each
species contribution to the collected current.® To avoid inaccufac’:ies Ainherent in
estimating charge fraction from the area under the current traces, Beal assumes that the
current due to each species is proportional to the product of the peak height and the half
width at half the maximum value (HWHM). Following the derivation from Hofer, et
al,® the measured current due to each species is then related to the corresponding current
fraction through Eqn. 2-28.%° Substituiing the expression in Eqn. 2-27 and the definition
of the species fraction given by Eqn. 2-29, the measured cﬁrrent fréctions can bé related
to the species fraction s by Eqn. 2-30. Evaluating Eqn. 2-30 for each species and

applying the normalization condition stated in Eqn. 2-31 yields the charge state fractions.




Q. = Eqn. 2-28

Q;= Zjnk  Eqn.2-29
"
QIZ[q;Aai(l+yj):|
a, = { . Eqn. 2-30
' q,% 1+7,) :
Zaj =1 | Eqn. 2-31
J

Unfortunately, the operating pressure in the immediate vicinity of the ExB
probe entrance is too high to allow multiply-charged ions to be detected for much of the
operating condition text matrix of this investigation. The same phenomenon is observed
by Kim in the plume of the SPT-100. Thus, charge fractions are not calcu'lated- at all
conditions. |

The derivation of Eqn. 2-30 requires an important assumption. It assumes that
the (I/})”2 term is constant for all charge states, which appears as the use of a single ion
voltage, Vj, rather than a separate V; for each species in Eqn. 2-27. This is valid if all
ions, regardless of chérge state, are created at the same location in thé thruster discharge
chamber, éccelerated through the same potential drop, and reach the probe without

having a CEX collision. For an unknown fraction of ions, this scenario is not the correct

one.




For example, cénsider two ions, one with charge ¢;=1 and the other with ¢;= 2,
formed at the same location in the discharge chamber. Upon exiting the thruster, these
ions have the same energy to charge ratio, J;, and their velocities differ by a factor of 212,
as shown above. If the doubly-charge ion undergoes a CEX collision and becomes
singly-charged, it reaches the probe with its original velocity. Because the ExB probe
acts purely as a velocity filter, the ion is “counted” as a doubly-charged ion.. So, the
charge state fractions derived from ExB probe data are more .closely related to the charge
states of ions as they are accelerated through the electrostatic potential drop in the Hall
thruster rather than the local species fractions that exist at the entrance to the probe. The
distinction is probably not important for the diagnosis of a single thruster, since ExB
probes have been used successfully for this purpose in the past.®’> 8 However, for a
cluster, any changes in charge state that occur as a result of the plumes interactions -
cannot be detected by this instrument. Nevertheless, the instrument can detect changes in

the charge state that occur in the discharge channel due to multiple thruster interactions.

2.10 NASA Glenn Research Center Null-Type Inverted Pendulum Thrust

Stand

The thrust of the monolithic a;nd clustered Hall thruster is measured with a high-
power null-type inverted pendulum type thrust stand based on the NASA GRC design,
the industry standard. Figure 2-30 shows an image of the thrust stand. The springs of
this stand are unusually stiff to accommodate the weight of multiple high-power

 thrusters. -The null-type thrust stand holds the thruster at a set position at all thrust levels,

which reduces error in the thrust by eliminating changes in the elevation of the thrust




vector. The designer reports the error of the thrust stand to be no better than +1% of the
full-scale calibration. The uncertainty of the thrust measurements in this experiment,
* determined by examination of the hysteresis and drift, is =1 mN.

In-situ thruster/thrust-stand. levelin”g is performed by a remotely-controlled
geared DC mofor coupled to a jackscrew. A r'el;lotely-controlled geared DC motor driven
pulley system provides in-situ thrust stand calibration by loading and off-loading small
weights to simulate thrust. A linear curve-fit of null-coil voltage vefsus thrust is used for
performance measurements. Soon after the thruster is turned off, a poét-test calibration is
performed.

To maintain thermal equilibrium within the thrust stand at Hall thruster
operating conditions of 50+ kW, the stand is actively cooled by a VWR International
1172 refrigerated recirculating chiller. The thrust stand cooling consists of two and one-
half parallel cobling circuits that travel through the structure and outer radiation shroud.

The thrust_ stand is calibrated in-situ by loading the apparatus with calibrated
weights, before and after each test point. Current is passed through each set of thruster
magnetic coils, and magnetic tares are found to be hegligible. Xenon is passed through
both. of the cathodes and the cold flow tares are also found to be negligible. This is

expected because the cathode centerlines are inclined approximately 45° below the

horizontal.




Figure 2-30: Picture of the NASA-457 Null-type Inverted Pendulum Thrust Stand.

2.11 Summary

This chapter presents a detailed description of each diagnostic. The
performance of each of the diagnostics is validated by the results of previous
experiments. In addition, the theoretical limitations of the data analyses are discussed.

These physical diagnostics give the capability to thoroughly characterize the performance

and plume characteristics of Hall thrusters.
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CHAPTER 3
NEUTRAL DENSITY MAP |

The facility effects investigated in this thesis are caused by the neutral
background pressure present in the facility. Thus, the first idgical step towards
understanding facility effects is to create a technique to ﬁllly characterize the background
pressure in the facility for a given ﬂ.ow rate and facility pumping speed. This
backpressure leads to a technique for calibrating a vacuum chamber in terms of pressure,
which is a stepping stone into the facility effects portion of this Work.

The pressure map investigation consists of 3 parts. The first study maps the

cold flow pres‘sure in two facilities to demonstrate the technique and determines the
sticking coefﬁcient of xenon on a cryosurface. The second study performs successive
cold and hot ﬂow pressure maps on the facility to show that a cold flow neutral density
map is equivalent to a hot flow pressure map. The final study creates cold and hot flow

pressure maps downstream of the P5 Hall thruster cluster.

3.1 Cold Flow Neutral Density Map

The goal of the pressure map study is to develop a technique to calibrate a
vacuum chamber in terms of pressure to account for elevated backpressures while testing
Hall thrusters. The neutral gas background pressure of the LVTF is mapped for a series

of cold anode flow rates corresponding to Hall thruster operation conditions of 1.5, 3.0,

80




and 9.0 kW, all at 300 V and one hot anode flow rate at two P5 Hall thruster operating
condition§.

Section 3.1 discusses the results of the neutral density background pressure
maps, which are used to validate the models and experimentally verify the assumed
sticking coefficient (the probability that a xenon atom incident on a cryogenic pumping

.. panel actually sticks to the panel). The computational model employs a direct simulation
Monte Carlo method (DSMC) that _ihcludes the chamber walls and cryopumps. The

results of the cold flow model are discussed in the next section.

3.2 Numerical Tool Dévelopment

3.2.1 Cold Flow Model Comparison

Computational analyses of Hall thruster plumes are regularly performed using a |
hybrid DSMC-PIC formulation.*" 8 %, The DSMC method® fnodels the collisions of
the heavy particles (ions and atofns). The Pafticle-ln-Cell (PIC) method®® models the
transport of the ions in electric fields. A hybrid approach is used in which thg electrons
are modeled using a fluid description. The DSMC code used in the -p'rescnt analysis has

87

been prey)_iously validated for cold xenon flows.”’. In the present study, we apply an

existing axially-symmetric DSMC-PIC code developed specifically for Hall thruster

1% and

plumes.¥ Atom-atom collisions employ the Variable Hard Sphere (VHS) mode
isotropic scattering is assumed.
In the model, the LVTF is represented as a cylinder 9 m long and 6 m in

diameter. In these cold-flow simulations, the PIC steps are of course not appl.ied. The

walls of the chamber are modeled assuming fully diffuse reflection at a tempérafure of
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300 K. The LVTF is equipped with seven cryopumps that are grouped into two sets:
four end pumps with a total pumping area of 4;15 m’, and three top pumps with a total
pumping area of 3.11 m’. In the‘simulations, the total area of each of these two sets is
represented by a single pumping surface located in the vicinity of the actual pumps. The
temperature of the pumping surfaces is assumé(;to be 15 K, which is representative of the
actual cryosurface temperature. There are no data for the sticking coefficient of xenon on
cryogenic panels; however, data for other noble gases indicate a rénge of 0.6 to 0.8.%8
These are values for a flux of gas onto bare cryosurfaces. Since the pumps installed in
the LVTF are surrounded by liquid-nitrogen-cooled, louvered shrouds, the;. effective
sticking coefficient may be significantly lower than that achieved on a bare cryosurface.
VSimullations are therefore performed with values of 0.2, 0.4, 0.6,A 0.8, and 1.0 to study the
sensitivity of the results to this unknown parameter. The DSMC-PIC computations
emplpy a grid of 91 by 61 uniform, rectangular cells. At steady state, the computations
typically employ 2Q0,000 particles and the total run time for each case is on the order of

four hours.

3.2.2 Results and Discussion

The results of the experimentai and numerical work are presented for several
cold flow conditions of the Hall thrﬁster in which the plasma is not ignited. These flows
therefore simply consist of neutral xenon atoms, which will. yield comparable
backpressures for future pressure maps with the P5 in hot-flow mode. Figure 2-9 shows/
the half plane and the 25 cm by 25 cm grid on which pressure data are collected.

The simulation results are compared directly with experimental measurements

of pressure for a number of conditions in which the mass flow rate and pumping speed




are varied. The highest values of the pressure map data in Figure 3-1, Figure 3-2, and
Figure 3-3 are one order of magnitude below the upper limit of the BA jonization gauge.
This is because the IGPS is positioned to allow the BA gauge to reach its upper limit of -
10 Pa (10 Torr), 0.5 m downstream of the thruster exit plane for an anode mass flow
rate of 14.09 mg/s. |

Simulation results are presented in Figure 3-1 for a mass flow rate of 10.46 mg/s
and a total pumping speed of 240?000 I/s (all seven. pumps operating). Both the
experiment and simulation include a‘0.92 mg/s ﬂow of xenon through the cathode to
mimic hot-flow operation. Note that the ion gauges cannot be used within 50 cm of the
thruster. Figure 3-1 shows the data comparison along the thruster centerline for the five
different values of the sticking coefficient. Clearly, very good agreement is obtained
between the simulations and the measurements. The simulation results are sensitive to
the sticking coefficient, although the profiles obtained with a value of 0.4 show

acceptable agreement with the measured data.
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Figure 3-1: Comparisons of simulated and measured pressure distribution within the LVTF for cold
flow operation of the NASA-173Mv1 Hall thruster at 10.46 mg/s flow rate and 240,000 I/s pumping
along the thruster centerline.

. To. investigéte the generality of the performance of the simulationé, two
additional cases are simulated. The first rétains the flow rate of 10.46 mg/s and considers
the lower pumping rate of 140,000 l/s by turnihg off the three side pumps in the
simulation. These results are shown in Figure 3-2. In Figure 3-3, the results are shown
for a flow rate of 5.25 mg/s (égain with 0.92 mg/s flowing through the cathode) with a
total pumping of 140,000 Us. In both Figure 3-2 and Figure 3-3, accépfable agreement is

obtained between simulation and experiment for a sticking coefficient of approximately

0.4.
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Figure 3-2: Comparisons of simulated and measured pressure distribution within the LVTF for cold
flow operation of the NASA-173Mv1 Hall thruster at 10.46 mg/s and 140,000 Us.
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Figure 3-3: Comparisons of simulated and measured pressure distribution within the LVTF for colli
flow operation of the NASA-173Mv1 Hall thruster at 5.25 mg/s flow rate and 140,000 Us.

The cryosurfade sticking coefficient is a function of the cryosﬁrface wall
properties, the species of the particle colliding with the surface, and the energy of the
colliding particle. There is a concern that the sticking coefficient varies siéniﬁcantly with
the éomposition and thickness of the iée formation on the cryosurface rendering the
sticking coefficient predictions useléss. The two most prevalent issues are the thickness
of the initial water-ice layer created from the facility humidity level and the thickness of
the xenon-ice layer on the cryosurface. A liquid nitrogen (70 K) flow through the
cryopump shroud precedes the activation of the cryopump compressors. The liquid
nitrogen-chilled shroud is the first sﬁrface inside the vacuum chamber to decrease to 273

K and remains the coldest surface for nearly 2 hours. A large percentage of the water
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present in the vacuum chamber, after the mechanical pumps stop, freezes to the liquid
nitrogen shroud because the majority of the water molecules make at least one collision
with the shroud before reaching the cryosurface. Therefore, the sticking coefficient,
which is a function of the composition of the initial layer of ice on the cryosurface, is not
significantly affected by the relative humidity in the facility at the time of evacuation.

Past data show that once a thin xenon-ice surface is present on the cryosurface
the pumping speed/sticking coefficient of the surface is nearly constant over a wide range
of condensed xenon thicknesses on the cryosurface.89 For a xenon flow rate of 5.25 mg/s,
the cryopumps within the LVTF reach this condition in approximately five minutes.
Before collecting pressure map data in the LVTF, a 5.25 mg/s flow rate is condensed on
the cryosurfaces for 30 minutes. Therefore, the sticking coefficient remains nearly
constant for the duration of the pressure map experiment.

Relevant predictions about the hot flow may be made with the cold flow data
despite the large difference in temperature and velocity of the exit ‘plaﬁe particles
between the two conditions. The energy of the particle colliding with the cryosurface
affects the sticking coefficient. The neutrals emanating from the hot anode ‘and.the high-
speed ions created in the discharge chamber make at least one collision with the 300 K
vacuum ch;mber wall before reaching the cryosurface. A particle colljsion with the wall
accomplishes two things: first, the vacuum chamber wall neutralizes the icn; and second,
the inelastic wall collision absorbs energy transferred to the neutrals and ions in the
discharge chamber. When the neutral particles reach the liquid nitrogen-chilled shroud
| surroundiné the cryosurface, they are more similar in kinetic make-up to the particles

present in the cold flow experiment than those at the thruster exit plane. Moreover, a
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large percentége of the particles will then strike the 70 K louvered liquid nitrogen shroud
before reaching the cryosurface. Thus, the particles that collide with the cryosurface
* during the hot flow and cold flow experiments aré of nearly the same kinetic makeup.
This means that sticking coefﬁciénts determined during the cold flow experiment should

be valid for simulations of the facility backpréssure with the Hall thruster in operation.

3.3 Hot Flow Neutral Density Map

The objeqtive of the experiments presented in thié section is to demonstrate ‘a
technique fof making neutral density pressure maps with hot flow in a vacuum facility.
Successive cold flow and hot flow neutral density background pressure méps of the
LVTF are performed. Cold anode flow rates ‘of 5.25, 10.46, and 14.09 mg/s are
investigated. Hot anode (i.e., discharge on) flow rates of 5.25 mg/s and 10.46 mg/s for
discharge voltages of 300 V apd 500 V are investigated. These conditions correspond to
PS5 Hall thruster operating conditions ranging from 1.5 to 5.0 kW. 'fhe maps are collected

at nominal xenon pﬁmi)ing speeds of 140,000 and 240,000 V/s.

3.3.1 Hot Flow Pressure Map Procedure

Table 3-1 shows the LVTF operating pressure for each flow rate at the nominal »
xenon pumping speeds of 140,000 /s and 240,000 I/s. A previous study shows that the _
nude gauge reading is a much better estimate of the true chamber pressure than the
average of the nude and external gauge.” The chamber pressures listed in Table 3-1 are

from the nude gauge and are corrected for xenon.
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Anode ] Cathode| Nominal | Chamber | Chamber

Discharge | Discharge | Flow Flow | Pumping| Pressure | Pressure
Voltage | Current Speed (nude) (nude)
) (A) (mg/s) (mg/s) /s) (Torr-Xe) | (Pa-Xe)
300 4.88 5.25 0.92 140,000 | 5.7E-06 7.6E-04
500 5.30 5.25 0.92 140,000 | 5.7E-06 7.6E-04

- - 5.25 0.92 140,000 | 5.7E-06 7.6E-04
- - 10.46 0.92 140,000 8.4E-06 1.1E-03
- - 14.09 0.92 140,000 1.1E-05 1.5E-03
300 4.80 5.25 0.92 240,000 | 3.5E-06 4.7E-04
500 5.22 525 |. 092 240,000 | 3.4E-06 4.5E-04
- - 5.25 0.92 240,000 | 3.4E-06 4.5E-04
- - 10.46 0.92 240,000 | 5.2E-06 6.9E-04
- - 14.09 0.92 240,000 | 6.6E-06 8.8E-04

Table 3-1: Nominal pumping speeds and corresponding LVTF operating pressures for each anode
flow rate and thruster condition investigated.

“~

3.3.2 Jonization Gauge Operation

Pressure maps of the chamber are taken with xenon gas flowing through the
anode and cathode both with and without the thruster discharge. During hot flow
pressure maps, the BA ionization gauges are immersed in plasma. The outer screen of
the neutralizer, located in the horizontal plane of the -chamber centerline, is in direct |
contact with £he plasma for the hot flow pressure maps. To avoid disturbing the
jonization gauge preésure measuremeﬂts, the outer screen is electrically isolated from the
rest of the neutraiizer, so that the screen floats. A bias voltage study én_ the outer screen,

| presented later in this section, validates this configuration. In addition, aﬂ identical inner
screen is placéd near the entrance of the ionization gauges. The inner screen is also
electrically isolated from the néutralizer structure.

To characterize the effect of charged particles on the pressure measurements,

outer and inner screen bias voltage studies are performed using the P5 in the LVTF. The -
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outer and inner screens are electrically isolated from the neutralizer; a biasing wire is
connected to each screen so that they can be floated, grounded, or biased to a particular
“voltage. This configuration allows the screens to repel or attract the charged particle

species. The biasing wires connect to a powé} supply outside of the chamber and current

“w

shunts measure the current collected or emitted in each electrical configuration.

First, we investigate the effects of biasing, grounding, and floating the outer and
inner screens on thel measured pressure. This investigation conﬁrms that tﬁere is no
capacitive coupling between the screens and the ionization gauge. This study is
performed separately on the inner and outer screens of ionization gauge 2. The results
show that, with no flow through thé thruster, the measgred pressure is unaffected by
' ﬂoating, grounding, and biasing the inner and outer screens.

Next, an outer screen bias voltage study is performed with the P5 operatirig=-at
300 V and 5.4 A. For this study, the gauge 2 pressure is monitored at a position 1.5 m
downstream of the thruster exit plane and on the thruster centerline. The gauge pressure
and current collectéd ;re recorded for each of the electrical configurations. |

Figure 3-4 shows the results of the outer screen bias voltage study. Note that
the ionization gauge collects ions to determine the .pressure. Initially, the outer screen is
floated with no perceptible effect on the pressure measurement. In the floating -
configuration, gauge 2 measures 4.1x102 Pa (3.1x107 Torr) and the outer screen collects-
0.2 mA. |

Next, the outer screen is biased from -20 V to 50 V in 5 V increments. At

increasingly negative bias voltages, the indicated pressure increases slightly. This may




be a result of attracting additional ions into the gauge, which increases the current the
gauge filament collects.

In the grounded configuration, the indicated pressure is not perceptibly affected.
As the bias voltage becomes increasingly positive, the indicated pressure begins to rise
and a large current is collected by the outer screen. The positively biased screen attracts
a large number of electrons to the neutralizer resﬁlting in' the increased ionization of ‘
neutrals within the gauge. The gziuge filament then collects the additional ions,
increasing the indicated pressure. Th1s study conﬁrm_s that floating the outer screen for
the hot flow pressure map does not affect the performance of the ionization gauges.

The effects on the measured pressure of biasing, grounding, and floating the
inner screen are investigated with the PS5 operating at 300 V and. 4.88 A in the LVTF. In
addition, to detect the existence of charged particles within the neutralizer near the
entrance to the ionization géuge, an inner screen bias voltage study is performed. For this
study, gauges 1 through 5 are monitored in their initial positions as shown in Figure 2-9.
The gauge pressure and current collected are recorded with the inner screen biased to +20 |
V, -20 V, grounded, and floating. The indicated pressure of each gaﬁge ddes ﬁot change
with the électrical configuration. The inner screens of ionization gauges 1, 3, and 5

collected no current for any of the electrical configurations. The inner screen of gauge 4

collected a maximum of 10 mA when biased to +20 V. The inner screen of gauge 2

collects a maximum of 10* mA when biased to +20 V. The current caused by charged _
particles entering the neutralizer is far below the 4 mA emission current of the ionization

gauges. Thus, the measured fraction of charged particles entering the ionization gauge

during hot flow operation is not large enough to affect the indicated pressure.




The thruster is cycled off and on to observe its effect on the pressure indicated

by the ionization gauges. If the ionization gauges truly measure the neutral background

" pressure, then the neutral pressure measured within 1 m of the thruster exit plane will be
higher during cold flow than it wou}d be with the thruster on. This is because during
thruster operaﬁon, approximately 80% of the heiﬂral propellant is ionized and accelerated
downstream, reducing the neutral density immediately downstream of the thruster.
However, at locations beyond 1.5 m downstream of the thruster éxit plane, the plume
expands to the chamber background pres'sure and the neutral density should not vary with

the thruster off or on. The thruster is cycled 5‘ times at a power setting of 300 V and 4.88

A. No appreciable change in indicated pressure is observed 1.5 m downstream of the exit

vplane.
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Figure 3-4: Outer Screen Bias Voltage Study

3.3.3 Ionization Gauge Error
Figures 3-5 and 3-6 present representative raw cold and hot flow data taken
along the chamber centerline. There are noticeable discontinuities in the pressure when

transitioning between the interrogation areas swept by each ionization gauge. Over the
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/range of motion of each ionization gauge, the pressure changes smoothly. The large
gradients between ionization gauges are caused by the limited accuracy of the ionization
gauge design. No two ionization gauges manufactured indicate the same pressure, even
when exposed to the same atmosphere simultaneously.

Using the axial pressure profiles presented later in this séction, the raw data are
corrected. The raw data of gauge 2 are all shifted by a constant value, so that the furthest
downstream éenterline pressure take_ri by gauge 4 is approximately equal to the most
upstream centerline point taken by gaﬁge 2. The same procedure is used to correct the
data of gauge 1 to gauge 2 and the data of gauge 3 to gauge 1. Thus, individual
correction constants are developed for ionization gauges 1, 2, and 3. Analysis of the
radial profiles shows that the offset between ionization gauge 4 and 5 is on the order of
10° Pa (107 Torr). Therefore, a correction constant is not developed for ionization gauge
5.

The correction constants derived from the cold flow data aré appliéd to the hot
flow data at both 300 V and 500 V for gauges 1, 2, _and 3. Because of the unstable
behavior of gauge 5 at hot flow operating conditions, those data are not ihclﬁded in the
hot flow analysis. For the hot flow dé_ta, an additional correction factor is then needed for
gauge 4. The raw data of gauge 4 are all shifted by a constént value so that the most

- downstream centerline point taken by gauge 4 is approximately eql_ia] to the most

upstream centerline corrected point taken by gauge 2.

The chamber was vented to atmosphere between the 140,000 Vs and 240,000 Vs
pressure maps to permit repair of the radial positioning table. The ionization gauges were

exposed to atmosphere; thus, one set of correction constants were developed for the




140,000 Vs data set and another set for the 240,000 I/s data set. Table 3-2 shows the

correction constants for these data. Figures 3-7 through 3-9 present the corrected cold

-and hot flow data taken along the chamber centerline.

Nominal

Gauge 1 Gauge 2 Gauge 3 Gauge 4 Pumping Flow

A (Pa-Xe) | A(Pa-Xe) | A(Pa-Xe) | A (Pa-Xe) Speed Condition
Ws)

+2.7E-04 +1.3E-04 -3.2E-04 - 140,000 Cold
+2.7E-04 | +1.3E-04 -3.2E-04 1.3E-04 140,000 Hot
+2.4E-04 +1.3E-04 -2.5E-04 - 240,000 .Cold
+2.4E-04 +1.3E-04 -2.5E-04 1.5E-04 240,000 Hot

Table 3-2: Ionization gauge correction constants for each pumping speed.

3.3.4 Hot Flow Neutral Density Map Results

Table 3-1 presents the operating conditions aﬁd facility background pressures
investigated in this test. The chamber pressure is mapped at cold anode flow rates of
5.25, 10.46, and 14.09 mg/s for nominal faéility pumping speeds of 140,000 and 240,000
Vs. In addition, the chamber pressure is maf)ped at PS5 thruster operating conditions of -
300 V and 500 V with flow rates of 5.25 mg/s and 10.46 mg/s at nominal facility
~ pumping speeds of 140,000 and 240,000 Us.

Figures 3-10 through 3-16 present the cold and hot flow pressure map data
recordcd in.the LVTF. Figure 3-17 presents a cold flow pressure map of VF-12. We are
unable to acquire data for the hot flow pressure maps with ionization gauge 5 because the
gauge 5 pressure in the interrogation area is above thé maximum allowable pressure of

the controller. While it is possible to override the shutdown pressure of the ionization
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controller, operating thé ionization gauge at “high” pressure may damage the unit.
Therefore, the automatic shutdown pressure limits are left operational for these
éxperiments.

Hot flow data for ionization gauge 3 are only available for the 140,000 Vs
pumping condition. The controller for ionization gauge 3 registers an electrical
~ connection failure during thruster discharge for the 240,000 I/s pumping condition. The
gauge resumes normal operation when the discharge is extinguished. Inspection of the

electrical connections did not locate the problem.
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Figure 3-5: Raw cold flow data axial profile for a nominal pumping speed of 240,000 Us.
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Figure 3-6: Raw hot flow data axial proﬁle for a nominal pumping speed of 240,000 V/s. -
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Figure 3-7: Corrected cold flow data axial profile for a nominal pumping speed of 140,000 I/s.
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Figure 3-8: Corrected cold flow data axial profile for a nominal pumping speed of 240,000 Us.
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Figure 3-9: Corrected hot flow data axial profile for a nominal pumping speed of 240,000 Vs.
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Figure 3-10: Cold flow pressure map of the LVTF with an anode flow rate of 5.25 mg/s and a

cathode flow rate of 0.92 mg/s, at a nominal pumping speed of 140,000 V/s and operating pressure of
6.9x10 Pa (5.2x10° Torr), corrected for xenon.
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Figure 3-11: Hot flow pressure map of the LVTF with an anode flow rate of 5.25 mg/s and a cathode

flow rate of 0.92 mg/s, at a nominal pumping speed of 140,000 I/s and operating pressure of
7.2x10™ Pa (5.4x10°° Torr), corrected for xenon. (300 V, 4.88 A thruster operation)
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Figure 3-12: Hot flow pressure map of the LVTF with an anode flow rate of 5.25 mg/s and a cathode
flow rate of 0.92 mg/s, at a nominal pumping speed of 140,000 I/s and operating pressure of
7.6x10™ Pa (5.7x10°° Torr), correctéd for xenon. (500 V,5.30 A thruster operation)
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Figure 3-13: Cold flow pressure map of the LVTF with an anode flow rate of 5.25 mg/s and a
cathode flow rate of 0.92 mg/s, at a nominal pumping speed of 240,000 U/s and operating pressure of
4.5x10™ Pa (3.4x10° Torr), corrected for xenon.
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Figure 3-14: Hot flow pressure map of the LVTF with an anode flow rate of 5.25 mg/s and a cathode
-flow rate of 0.92 mg/s, at a nominal pumping speed of 240,000 I/s and operating pressure of
4.7x10™* Pa (3.5x10° Torr), corrected for xenon. (300 V, 4.80 A thruster operation)
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Figure 3-15: Hot flow pressure map of the LVTF with an anode flow rate of 5.25 mg/s and a cathode
flow rate of 0.92 mg/s, at a nominal pumping speed of 240,000 I/s and operating pressure of
4.5x10™ Pa (3.4x10°° Torr), corrected for xenon. (500 V, 5.22 A thruster operation)
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Figure 3-16: Hot flow pressure map of the LVTF with an anode flow rate of 10.46 mg/s and a
cathode flow rate of 0.60 mg/s, at a nominal pumping speed of 240,000 I/s and operating pressure of
7.6x107 Pa (5.7x10° Torr), corrected for xenon. (300 V, 11.1 A thruster operation)
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Figure 3-17: Cold flow pressure map of VF-12 with an anode flow rate of 5.25 mg/s and a cathode ,
flow rate of 0.60 mg/s, at a nominal pumping speed of 282,000 U/s and operating pressure of 4.0x10°
Pa (3.0x10°° Torr), corrected for xenon.

3.3.5 Hot Flow Neutral Density Map Discussion

Analysis of the cold and hot ﬂﬁw axial pressﬁre profiles on the chambér
centerline shows that for all flow rates th_e plﬁme pressure decreases from a maximum at
the thruster exit plane to a minimum_ slightly higher than the facility background pressure
approximately 2 m downstream of the exit plane. As the flow rate increases, the pressure
gradient in the plume increases, but the length of the plume expans’ioh to the chamber
background pressure femains constant. Increasing the pumping speed lowers the
magnitude of the pressure, while the behavior of the axial pressure profile remains
unaffected. The previous two trends are apparenf in Figures 3-7 and 3-8. The

background pressure decreases continually in the radial direction. The trends shown in
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Figures 3-10 through 3-.16 suggest that the background pressure will drop to the facility
background pressurevnear the chamber walls. Previous analysis shows that the nude
ionization gauge reading is a much better estimate of the true LVTF operating pressure
than the external ionization gauge.*

The IGPS is used to map the neutral background pressure in Vacuum Facility 12
(VF-12) at NASA Glenn Research Center. The LVTF and VF-12 differ in physical
geometry; i.e. the LVTF has a3 m largér diameter than VF-12. Figure 3-17 shows a cold
flow background pressure map in VF-iZ with the NASA-173M\{1 at a flow rate of 5.25
mg/s and operating pressure of 4.0x10™* Pa (3.0x10°® Torr).*® The background pressure
trends in the LVTF are similar to those observed in VF-12.

Figure 3-9 shows that the axial pressure profiles of the LVTF for hot and cold
flow are very close for identical flow rates and pumping speeds. The pressure maps in
Figures 3-10 through 3-12 and Figures 3-13 through 3-15 show this trend for the 140,000
I/s and 240,000 Vs condition, respectively. Figure 3-16 shows a 300 V hot flow pressure
map of the LVTF at an anode flow rate of 10.46 mg/s and a pumping speed of 240,000
Us. The 10.46 mg/s cold flow pressure map taken at 240,000 Vs is not shoWn, But is very
similar to the 300 V, 10.46 mg/s hot flow pressure map. Thus, measuring the neutral
background pressure of the chamber with a cold flow is equivalent to taking the same
measurement with a hot flow. '

The _fact that the 300 V hot flow, 500 V hot flow, and 5.25 mg/s cold flow axial
pressure profiles and background pressures are nearly the same implies that a particle
collision inth the facility wall reduces the energy of the accelerated plume ion to that of a

cold flow particle. We also see that the axial pressure profiles and backgrouhd pressure
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are nearly the same for the 10.46 mg/s cold and hot flow conditions. Therefore, the
cryosurface sticking coefficient is unaffected by the hot flow present with the thruster

- operating.

3.4 Vacuum Facility Calibration

The above experiments demonstrate that the measured pressure field in a
vacuum facility caused by cold flow from the Hall thruster anode and catﬁode is
equivalent to the pressure field at a hot flow condition. This simplifies pressure
determination.in- a vacuum facility_containing a Hall thruster plume. With these data we
have the ability to calibrate any vacuum facility in terms of pressure.

The measured facility operating pressure at sevéral cold ﬂéw rates is used to
calibrate a direct simulation Monte Carlo (DSMC) model of the operating facili’ry.g0 The
numerical model thén makes accurate predictions of the vacuum facility backpressure for
a given propellant flow rate. Simulations of the facility using this ﬁumerical model show
where to plaée an ionization gauge on the facility to monitor the backpressure.' The
simulation results élso show any gradienté between the wall-mounted ionization gauge
and the actual backpressure to which the plume expands. Thus, from a measurement of
the pressure on the facility wall, the true operating pressure at the centerline of the facility

can determined.

3.5 Cluster Pressure Map

The final portion of this work is a pressure map of the P5 Hall thruster cluster

plume. The cluster plume expansion cannot be modeled with an axially-symmetric code.
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Thus, an experimental pressure map of the cluster plume provides excellent data with

which to validate the 3-dimensional model.

3.5.1 Cluster Pressure Map Procedure

The same expérimental procedure and experimental setup are used for the
cluster experiment as in the single thruster experiment. For the cluster pressure map, data
are only collected with ionization gauges 2 and 4. PI‘CViOl'IS pressure maps show that
these gauges sample the region in whicﬁ the majority of the plume expansion occurs.

The cluster pressure maps. are collected at cluster cold and hot flow rates of 5.25
and 10.46 mg/s, with 0.92-mg/s flowing through each cathode. The mappings are only
performed at a pumping speed of 240,000 Vs, so that the plume pressure does not exceed
the upper limit of the ionizatfan gauges. The clusfer elements are placed at the same
axial position as the single element. The centerline of P5-A is positioned‘ZO cm to the
left of chamber centerline, and P5-B is positioned to 20 cm to the right of the chambér

centerline.

3.5.2 Results

Figuré 3-18 shows a hot flow pressure map of the cluster plume, with each
element operating at 300 V and 5.12 A. Figure 3-19 shows a cold flow pressure map of
the cluster plume'with a flow rate of 10.46 mg/s thrpugh each thruster _element. Figure
3-20 shows a hot flow pressure map of the cluster plume, with each element operating at
500 V and llv.‘8 A. The regions mapped capturev the majority of the plume expansion |

- from the cluster.
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Figure 3-18: Hot flow pressure map of the cluster in the LVTF with an anode flow rate of 5.25 mg/s
and a cathode flow rate of 0.92 mg/s, at a nominal pumping speed of 240,000 I/s and operating
pressure of 4.9x107 Pa (3.7x10°° Torr), corrected for xenon. (300 V, 5.12 A thruster operation)
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Figure 3-19: Cold flow pressure map of the cluster in the LVTF with an anode flow rates of 10.46
mg/s and cathode flow rate of 0.92 mg/s, at a nominal pumping speed of 240,000 I/s and operating
pressure of 6.9x10 Pa (5.1x10° Torr), corrected for xenon.
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Figure 3-20: Hot flow pressure map of the cluster in the LVTF with an anode flow rate of 10.46 mg/s
and a cathode flow rate of 0.92 mg/s, at a nominal pumping speed of 240,000 I/s and operating
pressure of 6.9x10™ Pa (5.1x10° Torr), corrected for xenon. (500 V, 11.8 A thruster operation)

3.5.3 Discussion

The ionization gauges do not clearly capture the double plurhe' stnicture of the
cluster. This is because the 25 cm x 25 cm grid on which the data aré .taken does not |
have the resolution to resolve these details. Analyses show that the cold-and hot flow
profiles on chamber centerline are {lery similar to the profiles seen in the previous
pressure rﬁaps of the monolithic plume expansions.

The cluster pressure maps are noticeably higher than the facility operating
pressure measqred with the nude ionization gauge located on the chamber wall. The
interrogation area of the ionization gauges is small. Thus, the pressure is not measured
far enougﬁ away from the cluster plume expansion to see that the pressure relaxes to the

nude gauge values.
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The cluster plume expansion is not axially symmetric about the chamber
centerline; Therefore, the previous numerical model is not capable of modeling the
expansion into the facility. These data provide an excellent case with which to validate
Boyd’s 3-dimensional numerical model of an operating Hall thruster plume expansion

"

into a vacuum chamber.

3.6 Conclusions

lThis chapter creates a technique for calibrating a vacuum chamber in terms of
pressure through a series of studies. The first study in this chapter maps the cold ﬂo?v
pressure in two facilities. The experimental results are used to validate a .numerical
model of the LVTF with a cold flow thruster. While the simulation results are found to
be sensitive to the sticking coefficient, very good égreement is obtained between the
simulation and experimental data using sticking coefficient values in the range of 0.3 to
0.4. |

The second s'ﬁldy performs successiye cold and hot flow pressure maps on the
LVTF. Comparison of axial pressure proﬁles on the LVTF centerline shows that a cold
flow neutral density background map accurately characterizes the neutral density in an
operating Hall thruster plume. In addition, analysis shows that the nude ionization gauge
reading is a much better estimate of the true LVTF operating pressure than the external
ionization gauge. Furthermore, the plume pressure decreases from a maximum at the
thruster exit plane to the facility backpressure at approximately 2 m downstream of the
exit plane, independent of flow rate and facility background pressure. This technique
permits validation of neutral background pressure simulations with the thruster in

operation.
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Finally, the cluster plume pressure map validates that the pressure map
technique is capable of measuring the background pressure at very ﬁigh facility
backpressures. Unfortunately, the pressure maps to do not show the plume expansion of

each thruster.
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- CHAPTER 4
FACILITY EFFECTS AND SINGLE THRUSTER
CHARACTERIZATION

The preceding chapter yields a solid understanding of the background fressure
map within a vacuum chamber that contains an expahding Hall thruster plume.
Furthermore, itvd'evelop_s a technique to predict the background pressure anywhere in tﬁe
vacuum chamber for a given Hall thruster flow rate and pumping speed. This foundation
supports the investigation of backpressure-indﬁced faéility effecfs on Hall thruster
performance and plume properties. | |

The aim of this chapter is to present the knowledge gained from the facility
effects study. The first section of this chapter presents the resﬁlts collected at each
operating préssure. :.Iil addition, the measured performance and plume characteristics of
the P5-A and PS-B Hall thrusters yield a solid baseline to compare cluster interaction
effeqts against in Chapter 5. The second portion of this chapter discusses the knowledge
gained about facility effects on Hall thruster performance and plume characteristics.

Measurements of the performance and plume characteristics at multiple facility
operating pressures show how facility effects evolve with backpressure.' To carry out the
facility effects investigation, the plume and performance characteristics of each thruster
are characterized at facility pumping speeds of 70, 140, and 240 kl/s. The variation in

pumping speed leads to a rénge of facility backpressure for each thruster operating
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condition characterized. The trends that appear as a function of operating pressure shed

light on faéility effects and possible tools to correct for elevated backpressuré.

4.1 Probe Data

Each of the monolithic thrusters is characterized at the operating conditions
displayed in Tables 4-1 and 4-2. The diagnostics discussed in Chapter 2 measured plume
characteristics and thruster performance over a range of backpressures from 3.5x10° Torr
to 1.4x10”° Torr. Figure 4-1 shows thé one-meter arc on whi-ch data are collected, as well
as the sign convention used. For ciarity, only data coilected froﬁ the P5-A operating at
300 and 500 V with anode.ﬂow rates of 5;25 mg/s and 10.46 mg/s are shown. Data taken
at discharge vqltages of 400 and 600 V at anode flow rates of 5.25 and 10.46 mg/s show
similar trénds to the data presented here. In addition, selective‘ plots of data collected on
the P5-B are included to show that the cluster elements are identical.

The following subsections show that the plume and performance characteristics
of a Hall thruster are affected by the facility operating pressure. There are only two
apparent ways in which the neutral background gas cén interact with the Hall thruster. |
First, the neutral background gas can be entrained in the discharge channel; or second,
ions origiﬁating from the discharge cﬁannel can collide with the neutral background gas
downstream of the exit plane.. The subsections attempt to expléin how these two
processes change the performance and plume characteristics of the thrusfer. In addition,

the changes in plume characteristics are correlated to the changes in performance.




. Inner Quter
Discharge | Discharge Magnet | Magnet
Voltage | Current | Anode]Cathode{ Current | Current| Vc-g | Pressure | Pressure
Pumps V) (A) (mg/s)| (mg/s) (A) (A) V) | (Torr-Xe)| (Pa-Xe)
2 300 5.34 525 1 092 2.56 1.43 -16.5 | 9.1E-06 { 1.2E-03
2 400 5.46 525 ] 092 3.14 1.55 -154 | 9:.1E-06 1.2E-03
2 500 5.80 525 1 0.92 3.98 1.57 | -149] 9.1E-06 1.2E-03
2 600 7.36 525 1 092 3.95 2.71 -14.6 | 9.1E-06 1.2E-03
2 300 1024 11046 0.92 3.06 1.82 -18.2 } 1.4E-05 1.8E-03
2 400 1036 11046 0.92 3.92 200 | -17.9] 1.4E-05 1.8E-03
2 500 10.60 { 1046] 0.92 4.28 3.00 | -17.9} 1.4E-05 1.8E-03
2 600 11.02 | 1046} 0.92 6.25 3.00 -18.6 | 1.4E-05 1.8E-03
4 300 5.10 525 | 092 2.56 1.43 -16.2 | S5.3E-06 | 7.1E-04
4 400 5.22 5.25 | 0.92 3.14 1.55 -16.0 | S5.3E-06 | 7.1E-04
4 500 5.38 525 | 092 3.98 1.57 -16.7 | 5.3E-06 | 7.1E-04
4 600 - 5.88 525 | 092 3.95 2.71 -15.0 } 5.3E-06 | 7.1E-04 -
4 300 9.68 1046 0.92 3.06 1.82 | -17.5] 8.1E-06 | 1.1E-03
4 400 9.76 10461 0.92 3.92 200 | -17.3] 8.1E-06 ] 1.1E-03
4 500 9.94 1046 092 4.28 3.00 | -17.0} 8.1E-06 | 1.1E-03
4 600 10.52 | 1046 | 0.92 6.25 - 3.00 |-17.3 | 8.1E-06 1.1E-03
7 300 4.92 5251 092 2.56 1.43 -164 | 3.5E-06 | 4.6E-04
7 400 5.04 525 1 092 314 1. 1.55 -16.0 | 3.5E-06 | 4.6E-04
7 500 5.34 525 ] 092 3.98 1.57 -152 1 3.5E-06 | 4.6E-04
7 600 5.84 525 | 092 3.95 2.71 -14.0 | 3.5E-06 | 4.6E-04:
7 300 . 946 | 1046] 0.92 3.06 1.82 -16.8 | 5.3E-06 | 7.1E-04
7 400 9.56 1046 { 0.92 3.92 2.00 }-16.7] 5.3E-06 | 7.1E-04
7 500 9.74 1046 ] 0.92 4.28 3.00 | -16.5]| S5.3E-06 | 7.1E-04
7 600 1044 | 10461 0.92 6.25 3.00 | -17.8 ] 5.3E-06 | 7.1E-04

Table 4-1: P5-A Operating conditions




Inner Outer
Discharge | Discharge Magnet | Magnet
Voltage | Current | Anode|Cathode] Current | Current{ Vc-g | Pressure | Pressure
Pumps ) (A) (mg/s)| (mg/s) (A) (A) (V) | (Torr-Xe)! (Pa-Xe)
2 300 5.42 525 1 0.92 2.56 1.43 -17.6 | 9.2E-06 1.2E-03
2 400 5.48 5251 0.92 3.14 1.55 -17.6 | 9.2E-06 { 1.2E-03
2 500 5.74 525 | 0.92 3.98 -1.57 | -184 | 9.2E-06 1.2E-03
2 600 6.64 525 ] 092 3.95 2.71 -17.4 | 9.2E-06 | 1.2E-03
2 300 1052 11046 0.92 3.06 1.82 -20.0 | 1.5E-05 | 2.0E-03
2 400 - 10.80 | 10461 0.92 3.92 2.00 | -20.6| 1.5E-05 | 2.0E-03
2 500 1064 | 10461 0.92 4.28 3.00 { -20.7| 1.5E-05 | 2.0E-03
2 600 11.02 | 1046 ] 0.92 6.25 3.00 | -21.1) 1.5E-05 { 2.0E-03
4 300 5.06 525 { 0.92 2.56 1.43 -174 | S.3E-06 | 7.1E-04
4 400 5.02 525 1 0.92 3.14 1.55 -18.7 ] S.3E-06 | 7.1E-04
4 500 5.20 525 1 0.92 3.98 1.57 -1871 S5.3E-06 | 7.1E-04
4 600 5.66 525 ] 092 3.95 271 | -175] S5.3E-06 | 7.1E-04
4 300 9.66 10.46-] 0.92 3.06 1.82 | -18.6 | 8.1E-06 1.1E-03
4 400 9.60 1046 0.92 3.92 2.00 | -194| 8.1E-06 1.1E-03
4 500 9.68 1046 | 0.92 4.28 3.00 | -200]) 8.1E-06 { 1.1E-03
4 600 1034 1046 0.92 6.25 3.00 | -20.1 | 8.1E-06 1.1E-03
7 300 4.98 5251 0.92 2.56 1.43 -17.7 ) 3.5E-06 | 4.6E-04
7 400 4.98 525 ] 0.92 3.14 1.55 -18.2 | 3.5E-06 | 4.6E-04
7 500 5.12 5251 092 3.98 1.57 -182 | 3.5E-06 | 4.6E-04
7 600 5.60 5251 0.92 3.95 2.71 -17.2 | 3.5E-06 | 4.6E-04
7 300 944 110461 092 3.06 1.82 -184 | S3E-06 | 7.1E-04
7 400 9.40 1046 | 0.92 3.92 2.00 | -190] 53E-06 | 7.1E-04
7 500 9.50 1046 | 0.92 4.28 3.00 | -192] S53E-06 | 7.1E-04
7 600 10.18 | 1046 | 0.92 6.25 3.00 | -20.0} 5.3E-06 | 7.1E-04
Table 4-2: P5-B Operating conditions
100°

00

Figure 4-1: Diagram of the 1 m arc on which data are collected with respect to a single thruster.
This diagram looks down on thruster with the thruster centerline parallel to the facility centerline,
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4.1.1 Discharge Current Characteristics

Discharge current is a key parameter in Hall thruster operation. The discharge
- current oscillations of the monolithic thrusters are measured at each operating condition
over the range of facility backpressure with a F.W. Bell IHA-25 Hall probe connected to
a Tektronix TDS 3034B oscilloscope. The “sampling frequencsf is 25 MHz. All
discharge current measurements are made after the thrusters have operated for a
minimum of one hour. During this time, water vapor desorbs from tile ceramic channel,
which results in steady, low-amplitude discharge current. oscillatibns. Figures 4-2
through 4-5 present samples of the measured discharge current oscillation for each of the
monolithic thrusters as a function of facility backpressure. Figure 4-3 presents the
discharge current oscillation of P5-B, showing that the oscillation exhibits the same trend
for both thrusters.

The discﬁarge current characteristics indicate the stability of the plasma
discharge. Fast Fourier transforms of the discharge current signals presented in Figures
4-2 through 4-5 shm}v tfhat‘the discharge is composed of oscillation frequencies of 0;85 to
10.4 kHz, which are characteristic of Hall tilruster operation.*! |

The most apparent characteristic of vthe traces is the decrease in amplitude as
facility backpressure decreases. For the 5.25 mg/s flow rates shown in Figures 4-2 and -
4-3, the amplitude of the discharge current oscillations significantly decreases when the
backpressure decreases ‘ﬁom 9.2x10° Torr-Xe to 5.3x10° Torr-Xe. A ﬁnher decrease in
pressure to 3.5x10° Torr-Xe yields little change in amplitude.

Figures 4-4 and 4-5 show the discharge current oscillations at an anode flow

rate of 10.46 mg/s. At the higher flow rate, the backpressure decreases from 1.4x107
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Torr-Xe to 5.3x10° Toﬁ, but we do not see a significant change in the amplitude of the
diséharge current oscillations.'

The ionization process within the discharge chamber drives the amplitude of the
discharge current oscillations. The neutral background gas entrained into the discharge_
channel affects the ionizati;)n process, since the extra neutral gas is available for
ionization. At low anode flow rates and high backpressures, the entrained neutral
background gés is a higher fraction of the anode flow than at low backpressures. Thus,
we see a significant decrease in the émplitude of thg discharg¢ current oscillations as
backpressure decreases.

At the higher anode flow rate, the entrained neutral background gas is a small -
fraction of the anode flow at all backpressures. Thus, decreasing backpressure has little
effect on the amplitude of the discharge current oscillations at high anode flow rates.

No attempt is made to correct the increase in discharge current oscillation
amplitude with backbressure because the large discharge current oscillation amplitude is
only measured at one _operating pressure. The backpressure would need to be increased
further to see if this trend holds at higher backpressures. Dischargei current oscillations

have been studied in greater detail by Choueiri.”"*
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Figure 4-2: Discharge current characteristics of PS-A operating at 300 V, 5.25 mg/s as a function of
backpressure.
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Figure 4-3: Discharge current characteristics of P5-B operatihg at 500 V, 5.25 mg/s as a function of
backpressure.
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P5-A: 300V, 10.46 mg/s
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Figure 4-4: Discharge current characteristics of P5-A operating at 300 V, 10.46 mg/s as a function of
backpressure. ) A
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Figure 4-5: Discharge current characteristics of P5-B operating at 500 V,10.46 mg/s as a functlon of
backpressure, o
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4.1.2 Plasma Potential and Floating Potential

The plasma potential and floating potential in the P5-A and P5-B Hall thruster
- plumes is measured from -100° to +100° on the one-meter arc shown in Figure 4-1. The
measurements are made in 5° increments from the thruster centerline to 50°. qu angles
greater than 50°, the measurements .are made in 10° steps. Figures 4-8 through 4-12
present traces of the plasma potential and floating potential at each operating cqndition
and pumping speed.

‘ Fig1_1re>s 4-6 through Figure 4-10 show that the piasma, potential and ﬂoatiﬁg
potential reach maxima on thruéter centerline and smoothly decrease to minima at -100°.
As the facility backpressure decreases, the plasma and floating potgntial decrease at all
, 'anglés. The largest change in floating potential (~4 V) for the 5.25 mg/s anode flow rate
occurs when the pressure drops from 9.1x10° Torr-Xe to 5.3x10°° Torr-Xe. Little change
in floating potential is observed when the pressure drops to 3.5x10.6 Torr-Xe. Figure 4-8
shows a 1.25 V decrease in the floating potential between -80° and -100°. Figure 4-10
shows appro?timat_eiy ..a 1.‘5 V decrease in the floating potential from -90° to -100°A. The
decrease in ﬂéating potential presented in both figures occurs at the lowesf facility
backpressure, which has the smallest number of CEX ions present in the plume. The
decrease in the number of ions present reduces the local plasma potential.

A change in plasma pbtential directly affects the energy to which the beam ions
are accelerated. The plasma potential traces show that as facility backpressure decreases,
the plasma potential also decreases. A decrease in plasma potential results in an increase
in thrust, efficiency, and specific impulse. The maximum change in plasma potential as a

function of facility backpressure on thruster centerline is no more than 6 volts. The
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increase in ion energy éhould lead to a slight (<1%) increase in thrust, but this is not
supported by the meaéured performance, given the resolution of the thrust stand.

The floating potential is related directly to the ion density, electron number
density, and electron temperature. These plasma paramefers are discussed in the

following sections.
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Figure 4-6: Traces of the P5-A floating potential and plasma potential as a function of angle at 300
V, 5.25 mg/s as a function of facility backpressure.
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Figure 4-7: Traces of the P5-B floating potential and plasma potential as a function of angle at 300
V, 5.25 mg/s as a function of facility backpressure. .
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Figure 4-8: Traces of the P5-A floating potential and plasma potential as a function of éngle at 500
V, 5.25 mg/s as a function of facility backpressure.
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Figure 4-9: Traces of the P5-A floating potential and plasma potential as a function of angle at 300
V, 10.46 mg/s as a function of facility backpressure.
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Figure 4-10: Traces of the PS-A floating potential and plasma potential as a function of .angle at 500
V, 10.46 mg/s as a function of facility backpressure.




4.1.3 Electron Number Density and Electron Tempefature

The electron number density and electron temperature 1 m downstream of the
exit plane of the monolithic thruster plumes are meésured from -90° to +90° on the one-
meter arc shown in Figure 4-1. The measurement step size is 5° from the Athruster
centerline to 50°, and 10° for angleAs greater than 50°. After each measurement, the
Langmuir probe is moved back to thruster centerline for 30 seconds to allow cqllisions
with the 200+ €V ions to clean the probe. Figures 4-13 through 4-17 present traces of the
electron numbgr density and electron temperature for eaéh operating condition and
pumping speed. These data agree well with previous measurements of electron density
and electron temperature in the original P5 thruste; plume.*?

Figures 4-13 through 4-17 show that the electron number density and electron
temperature reach maxima on thruster centerline and smoothly decrease to minima :at
-100°. The electron number density shows a plume core residing within a half-angle of
approximately 20°. Figures 4-13 and 4-14 show that the P5-A and P5-B exhibit nearly
identical eleétron x;ur;lber densities and electron temperatures for the same opérating
condition. Note, that the measurement of electron number density has an error of 50%.

The centerline electron number density tréces at the 5.25 mg/s anode flow rate
do not show a clear trend. Off centerline, there is a small decrease in electron number .
dénsity as backpressure decreases. For a given operating condition, the profiles of
electron number density at each pressure converge to a minimum value at -100°. This is
because the plasma density is a function of discharge current, but the majority of the
beam current is on thruster centerline. Therefore, at large angles the plasma consists

primarily of low-density CEX ions; thus, the electron number density approaches zero as

we move toward the wings of the plume.




At the 10.46 mg/s anode flow rate, the electron number density is greatest, as is
the backgfound pressure. The electron number density consistently decreases with
decreasing backpressure. The increased discharge current associated with increasing
backpressure results in an increased plasma density; this explains the correlation of
electron number density with backpressure.

At the 5.25 mg/s anode flow rate, the electron temperature does not show a
distinct trend 6n centerline. As the angle from centerline agd the backpressure increase,
the electron temperature for each alsb increases. The maximum difference between
electron temperatures as a ﬁmction of backpressure is 0.5 eV.

The trends in electron temperature are distinct at the 10.46 mg/s anode flow
rates. On centerline at the 300 V operating point, the electron temperature at 5.3x10°8
Torr-Xe is 0.75 eV higher than at 1.4x10 Torr-Xe. This difference increases to 1 eV at -
the 500 V operating condition. The background gas ingested into the discharge channel

increases the number of collisions that occur in the ionization and acceleration region.

The collisions result in a decrease in electron temperature.
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Figure 4-11: Traces of the P5-A electron temperature and electron number density as a function of
angle at 300 V, 5.25 mg/s as a function of facility backpressure.
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Figure 4-12: Traces of the P5-B electron temperature and electron number density as a function of
angle at 300 V, 5.25 mg/s as a function of facility backpressure.
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'Figure 4-13: Traces of the P5-A electron temperature and electron number densnty as a function of
angle at 500 v, 5.25 mg/s as a function of facility backpressure
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Figure 4-14: Traces of the P5-A electron temperature and electron number density as a function of
angle at 300 V, 10.46 mg/s as a function of facility backpressure.
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Figure 4-15: Traces of the P5-A electron temperature and electron number density as a function of
angle at 500 V, 10.46 mg/s as a function of facility backpressure.

4.14 Ion Current Density

Faraday Probes A, B, C, D, and E measure the ion current density in the plume
of the Hall thrusters P5-A and P5-B, which are operated over the range of 300 - 600 V at
anode flow rates of 5.25 and 10.46 mg/s. The effect of facility backgrouhd pressure is
evaluated by varying the backpressurés from 1.4x10” Torr-Xe to 3.2x10° Torr-Xe. The
goal of th.e Faraday probe study is to develop a standardized method for measuring the
ion current density, so that valid comparisons can be made between plume data taken in
facilities with inherently different backpressures.

The measurements are taken on the one-meter arc shown in Figure 4-1 from -

100° to +100° from thruster centerline in 1° increments. Figures 4-18 through 4-25




present traces of the ion current density as a function of angle from centerline fo_r each
operating condition and pumping speed.

The traces show a number of interesting characteristics. First, we notice the
effect of facility backpressure on the traces. Figure 4-16 shows Probe A ion current
density traces as a function of backpressure for ;he PS-A operating at the 5.25 mg/s anode
flow rate. The ion cumrent density in the wings of the plume increases with facility
backpressure because of CEX ions. Figure 4-17 shows Probe A ion current density traces
of the P5-A operating at 300 V, 10.46 mg/s. Previous studies confirm the increase 1n
centerline ion current density at elevated backpressures at 10 mg/s anode flow ;ates.”’ 67

Randolph suggests that facility effects on plume measurements are negligible
for béckground pressures below 1.0x10° Torr-Xe.3® Figure 4-2 shows that at the 5.25
mg/s anode flow rate the amplitude of the discharge current oscillation continues o
decrease at preésures below 1.0x10° Torr-Xe. Figure 4-16 shows that the ion current
density traces measured at the 5.25 mg/s anode flow rate have distinct changes in thé
wings below l.Oxvl-O'5 Torr-Xe. Figure 4-17 shows that the ion current density.tracevs
measured at the 1046 mg/s anode flow rates not only change in the wings at
backpressures below 1.0x10° Torr-Xe, but also on thruster centerline. Clearly,
Randolph’s suggested facility effects criterion is not accurate.

The increased ion current density on thruster centerline measured by Probe A is
either caused by an iﬁcrease in the number of CEX ions on centerliﬂe, or by an increase
in the number of ions due to entrainment originating from the discharge channel. Ion
current traces at the 5.25 mg/s anode flow rate operating condition do not show increased

ion current density with facility backpressure on thruster centerline, even though the




thruster discharge current increases. Previous results of this study show that the entrained
background gas flux is not large enough to account for the increase in thruster discharge
current.”® In addition, ion current traces at the 10.46 mg/s anode flow rate show a
significant increase in the ion current density on thruster centerline with increasing
backpressure; this increase is not accounted for by entrained background gas. Thus, the
increased ion current density on thruster centerline may also be due to CEX ions. This ,
possibility is discussed in more detail kiter in this section. .

Figures 4-18 and 4-19 Shov.v ion current density traces of P5-A and P5-B
collected with all 5 probes.‘ The traces show that the ion current density profile of the
Hall thrusfer plumes is nearly identical. Because all other parameters are identical, the
small differences between the-ion current density profiles of the probes are attributed to
material selection and probe design. Probe B, which is magnetically filtered, yields ion
current density traces that best match on-orbit ion current densify measurements of the
SPT-100.7%%* 1t appears that the magnetic filter is adequate to filter CEX ioﬂs away from
the collector surface. However, on-orbit there will stil} be a small percentage of CEX
ions in the plume. |

Figures 4-20 and 4-21 show_ion current density traces measured with Probe B
for 5.25 rﬁg/s anode flow rates at 3 facility operating pressures. The traces are nearly
identical at all backpressures, even though the discharge current _increases with
backpressure.

Figures 4-22 and 4-23 show traces of the ion current density measured with
Probe B ét an anode flow rate of 10.46 mg/s. The “noise” in the wing of Figure 4-22 at

the 1.4x10° Torr-Xe operating pressure is due to large oscillations in the discharge




current because of the elevated backpressure. As noted above, Probe B filters the CEX
ions in the plume wings. Presumably, Probe B filters CEX ions at all angles, but their
- effect is more obvious in the wings. Furthermore, the ion current density measured on
the plume centerline is nearly identical for all backpressures. So, the change in ion
current density off thruster centerline is due to EIEX ions, not entrained background gas.

The Probe B traces lead to two conclusions. First, the magnetic filter prevents
most of the CEX ions from reaching the collector surface of Probe B. Second, the -
increase in discharge current with increasing facility backpressure is caused by a greater
number of electrons reaching the anode, and not by the entrained background gas
contributing to the ion beam current. Because Probe B measures ion current density

' accufately at all backpressures investigated and agrees well with on-orbit data,” the other
Faraday probes will not be considered in this discussion.

Another technique for evaluating Faraday probe perfonnancé is to compare the
total ion beam current to the discharge current. The total ion beam current is calculated
using the integratioﬁ in Eqn. 4-1, whe;re. i(6) is the measured ion current (iensity
distribution.” The integration assumes that the plunie is axially symmetric

- zmf2 _
I = 2m? [i(0)sin 840 Eqn. 4-1
0 .
In addition, the 90% half-angle divergence of the thruster plume can be calculated from
the Probe B ion currént density traces. Integration of the ion current density trace from
thruster centerline to the 90% half-angle yields 90% of the total measured ion current.

Table 4-3 shows the integrated ion beam current, the ratio of integrated ion beam current

to discharge current, I/l; and the 90% divergence half-angle for the four operating
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conditions presented: These values are determined by averaging the beam current and
divergence angles calculated from first the positive and then the negative ahgles defined
in Figure 4-1. The slight asymmetry of the beam profiles creates uncertainties in the

integrated ion beam current and divergence half-angle calculations.

Thruster Pressure | Integrated Ion C  90%.
Condition ~Beam Current L/, Divergence
(Torr-Xe) A) () Half-Angle

300V,525mg/s | 9.0x10° | 2.8 0.51 42.5

5.3x10°° 321 | 060 43.5

3.5x10° 3.40 0.64 44.5

500V,5.25mg/s | 9.1x10° 3.21 0.54 43.0

5.3x10° 3.59 0.63 435

3.5%10°° 3.88 0.69 43.5

300V, 10.46 mg/s | 1.4x10° 4.52 0.42 39.5

8.1x10° | 6.16 0.59 420

5.3x10° 630 | o063 43.5

500V, 1046 mg/s | 1.4x107 6.55 049 | . 375

8.1x10° 6.96 0.65 42.0

5.3x10° 7.16 0.69 420

Table 4-3: Ton Beam current, ratio of discharge current to beam current, and 90% divergence half-
- angle for each backpressure. :

The divergence half-angle remains nearly constant with backpressure. This is

because the magnetic filter removes CEX ions from the centerline and wings of the
thruster plume trace. Normally, nude Faraday probe traces show that the plume
67

divergence half-angle .increasc_:s with backpressure.

Notice that even though the discharge current increases with backpressure, the

calculated ion beam current decreases with increasing backpressure. Thus, the inicrease




in discharge current due to enhanced electron mobility (caused by collisions with the
neutral béckground gas) to the anode is far greater than the increase in discharge current
due to entrained neutral background gas being ionizéd and added to the ion beam current.
However, the thrust measurements decrease with decreasing facility backpressure, which
does not agree with the increasé in ion mbeam qurreht with decreasing facility
backpressure. Clearly, the Faraday probe does not fully capture how the backpressure
changes the number of ions emanating from the thruster. |

Furthermore, I/l increases with decreasing facility backpressure. At the lowest
operating pressure with at 300 V, I/1; is 63% and 64% for the 5.25 and 10.46 mg/s
operating condition, respectively. At the 500 V operating conditions, I/1; is 69%, which
is close to the 74% 'reported by Kim and the 77% measured by Hofer in similar Hall
thruster plumes. The 300 V operating conditions are not the nominal 5 kW operation

condition of the P5. Thus, the low value of I/I, for the 300 V operating conditions is not

surprising.
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Figure 4-16: Ion current density versus position for Probe A at 3 backpressures. (P5-A: 300V, 5.25
mg/s) : - '
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Figure 4-17: Ton current density versus position for Probe A at 3 backpressures. (P5-A:: 500 V, 5.25
mg/s) : .
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‘Figure 4-18: Ion current density versus position for § Faraday probe designs at a backpressure of
3.5x10° Torr-Xe. (P5-A: 300V, 4.92 A). :
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Figure 4-19: Ion current density versus position for 5 Faraday probes at a backpressure of 3.5x10°¢
Torr-Xe. (P5-B: 300 V,4.98 A)




P5-A: 300V, 5.25 mg/s
Probe B

Ion Current Density (mA/cmz)
=
|

10 = ..
_ — 5.34 A, 9.1x10 " Torr-Xe

Y ——5.10 A, 5.3x10° Torr-Xe
107 —4.92 A, 3.5x10° Tomr-Xe

Illll.lllllllllllllllllllllrl]lllllllllIl
-100-90-80-70-60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 90100
Angle (Degrees)

Figure 4-20: Ion current density versus position for Probe B at 3 backpressures. (P5-A: 300 V, 5.25

mg/s).
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Figure 4-21: Ion current density versus position for Probe B at 3 backpressures. (P5-A: 500 V, 5.25
mg/s). :
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' Figure 4-23: Ion current density versus position for Probe B at 3 backpressures. (P5-A: 500V,
10.46 mg/s) '




4.1.5 Ion Energy Spectra

The ion energy distribution functions of Hall thrusters P5-A and P5-B are
rﬁeasured 1 m downstream of the exit plane by the ESA and the RPA. The measurement -
step size is 5° from thruster centerline to an angle of 50°; for angles greater than 50° the
step size is 10°. At angular positions greater than 60° from centerline the signal-to-noise

ratio is too low to discern the ion energy peaks. For all measurements the thruster is

‘rotated about a vertical axis located at the intersection of the exit plane and the thruster

centerline.

High anode ﬂow rates result in a high plasma density inside the ESA probe.
The ESA vents are designed to alleviate internal neutral density build-up, and the
grounded foil should unobtrusively neutralize stray ions and collect the electrons.
Nonetheless, elevated number density inside the ESA structure decreases the sheath
thickness on the parallel piates to the point that the sheaths no lohger merge between the
plates. Furthermore, the Asheaths do not merge across the trajectory.slots milled in the
center of each plate. Thus, the potential in the trajectory slot is lower than the applied
poteﬁtial. This causes the measured ion energy distributions to shift-to highér voltages
because the plates require a higher voitage to turn the ions.

In an attempt to reduce this shift, molybdenum foil is added to the deflection

plates to decrease the width of the trajectory slots. This allows the plates to maintain a

potential closer to the applied potential across the slot. The decrease in slot width results
ina smaller voltage shift, but does not completely solve the problem.
At many of the high operating pressures it is not possible to measure a full ion

energy distribution at a 10.46 mg/s anode flow rate with the ESA. The positively—biaéed




deflection plates collect enough electron current that the sourcemeter reaches the current

compliance limit before the maximum potential can be applied to the deflection plate.

The RPA-measured ion energy distribution functions are used to correct the
ESA ion energy distribution tracés. Beal has shown that the RPA and ESA measure
nearly identical 1on energy distribution functic')nw(IEDF) peak energies for a given thruster
operating point.>® The correction method consists of shifting the ion energy distribution
functions so that the peak ion energy matches that measured by fhe RPA for a given
condition. All ESA data presented are corrected with this method. | |

Figures 4-24 and 4-25 present RPA traces ‘of IEDFs in the P5-A and P5-B
plume, respectiveiy. The figures show that the ion energy distribution function peaks of
the two thrusters are at nearly identical retarding voltages.

Figures 4-26 and 4-27 show ESA traces of the IEDFs as a function of angle.
The traces are measured from the P5-A operating at 500 V and 5.12 A at a backpressure
of 5.3x10°¢ 'I‘orr-Xe. Notice that from centerline to an angle of -25°, the IEDF peaks at
approximately 475..V. From -30° to -5° ;he IEDF peak decreases to nearly 465 »V; for
angles greater fhan -50°, the IEDF pe;ak shifts back to 475 V. Also notice the low-energy
ion tail on each 6f the traces. The ion energy distributions functions agree well with the
original P5 data collected by Gulczinski.* In addition, Figure 4-27 shows that the
décrease in signal-to-noise ratio limits the useable off-centerline traces to approximately -
70°. |

Figure 4-28 shows how facility backpressure affects the height-to-width ratio of
the IEDF peak on the P5-A centerline for an operating condition of 300 V, 5.25 mg/s. As

the backpressure increases, the height-to-width ratio decreases. King and Gulczinski




have shown tﬁat elastic and inelastic collisions within the 'plume increase the width of the
IEDF.*> 6:9 The increase in width due to collisions agrees well with the increase in the
- centerline ion current density, which is also caused by CEX collisions. The broadening
of the ion energy distribution function is nearly symmetric about the IEDF peak. Figure

4-29 shows the same trends for the 500 V, '5.25 mg/s anode flow rate on thruster

centerline.
s
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Figure 4-24: RPA traces of P5-A as a function of angle at an operating pressure of 3.5x10°° Torr-Xe.
(500 V,5.34 A) ' '
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Figure 4-25: RPA traces of P5-B as a function of angle at an operating pressure of 5.3x10 Torr-Xe.
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Figure 4-26: ESA traces of P5-A for angles of -5° to -30° at an operating pressure of 5.3)(10'6 Torr-.
Xe. (500 V,5.38 A)
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Figure 4-27: ESA traces of P5-A for angles of -45° to
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" Figure 4-28: ESA traces of P5-A on centerline for 3 backpressures. (300 V, 5.25 mg/s)
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Figure 4-29: ESA traces of P5-A on centerline for 3 backpressures. (500 V, 5.25 mg/s)

4.1.6 Ton Species Fractions

The ion species fractions of Hall thrusters P5-A and P5-B are measured 1 m
downstream of the exit plane with the ExB. The measurements are made in 5°
increments from thruster centerline to 50°. For .angles greater than 50°, the
measurements. are made in 10° steps. At angular positions greater than 60° from
center]ine,' the signal-to-noise ratio is téo low to discern the ion species peaks.

The ionvspecies fractions are not measured at the higher opefating pressures and
anode flow rates. The high plasma density present at the ExB probe entraﬁce elevates the
plasma density inside the probe. At high plasma densities, the sheaths between the
electrodes do not merge. Theréfore, it is not possible for the electrostatic force to cancel

the effect of the magnetic field, while allowing ions to reach the detector.
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Figures 4-30 through 4-32 present ExB traces for several operating pressures

and pumbing speeds. These traces show how the P5-A plume species fractions change
- with angle from thruster centerline and facility backpressure.

The ExB probe traces of colletor current versus probe voltage need
explanation. A Faraday probe is use& as the ‘collector in the ExB probe. Thus, doubly-
charged ions yield twice the current of an equivalent flux of as singly-charged ions.
Therefore, to convert the peak magnitudes to ion species fractioné, divide the doubly
charged peak by two and the triply-charged peak by three. Fuxthermore, the overlappirig
of the curves between adjacent species is so pronounced that the error in calculating the
ion épecies fraction is very large; too large to be of use. Instead, we note the relative

- changes in species fraction as a function of angle from centerline and backpressure.

Figure 4-30 and 4-31 show traces of collector current versus probe voltage for
the ExB probe for angles out to -35° from thruster centerline. There is a distinct drop in
the percentage of doubly-charged ions produced as the probe moves off thruster
centerline. F-or anglés ;greater than 35°, the signal-to-noise ratio is too large to distiﬁguish

ion species peaks.

Figure 4-32 displays traces of collector current versus probe voltage on the
centerline of the P5-A operating at 300 V, 5.25 mg/s as a function of pressure. There is a
signiﬁcant number of doubly-charged ions produced on thruster centerline at the
uppermost pressure 0f 9.1x10° Torr-Xe. Decreasing facility backpreséure decreases both
the doubly-charged ion fraction and the magnitude of the entire profile. At the lowest

operating pressure of 3.5x10% Torr-Xe, the doubly-charged ion peak is barely
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distinguishable at a 180. V probe voltage. For this study, the ExB probe did not detect
triply-ionized particleé.

The ion species fractions on the centerline of the P5-A at an operating condition
of 300 V, 5.25 mg/s are calculated for the 3 facility backpressﬁres. The method uses the
relative peak area, and corrects for the current gain created by multiply-charged species.

- The inherent error in this technique is approximately 30% and is discussed in Chapter 2.
Table 4-4 shows the results of this analysis. The énalysis shows that the doubly-charged
ion species fraction is lowest at theivhighest pumping speed, which is an unexpected
result. An increase in backpressure causes an increase in the number of CEX, inelastic,
and elastic collisions that ‘charged particles undergo on the way to the probe. These
- collisions change the energy-to-charge ratio énd the trajectory of the ions. Therefore,
fewer multiply-charged particles reach the probe collector. The results do not agree well -
with previous measurements of the P5 plume by Gulczinski show in Table 4-4.% Error
bars of £30% on the P5-A data do not overlap the original data collected for the P5. The
error in the analysis technique and the elevated backpressure at the probe entrance yield

little confidence in these ion species fraction results.

300V, 5.25 mg/s
Operating | Discharge
Pressure | Current Xe' Xe" Xe™"
(Torr-Xe) A) | (%) (%) (%)
3.5x10° | 492 64 36 -
5.3x10° 5.10 61 39 -
©9.1x10° 534 | 84 16 -
300 V,5.3 A: Gulczinski
5.5x10° 53 92.5 6.8 0.7 .

Table 4-4: Ion species fraction on the centerline of P5-A for 3 facility backpressures (300'V, 5.25
mg/s) in comparison to ion species fractions measured by Gulczinski on the PS5 operating at 300V,
53A.
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Figure 4-30: ExB traces of the PS-A operating at 300 V, 4.92 A at 0, 5, and 10° at a backpressure of
3.5x10 Torr-Xe. Note that the current is measured with a Faraday probe. Thus, the peak
magnitudes cannot be directly related to the ion species without considering the amount of charge
each species carries. ‘
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Figure 4-31: ExB traces of the P5-A operating at 300 V, 4.92 A at 15, 20, and 35° at a backpressure
of 3.5x10° Torr-Xe. Note that the current is measured with a Faraday probe. Thus, the peak
magnitudes cannot be directly related to the ion species without considering the amount of charge
each species carries. '
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Figure 4-32: ExB traces of the P5-A operating at 300 V, 5.25 mg/s on thruster centerline at facility
backpressures of 9.1x10%, 5.3x10%, and 3.5x10° Torr-Xe. Note that the current is measured with a
Faraday probe. Thus, the peak magnitudes cannot be directly related to the ion species without
considering the amount of charge each species carries. ' .

4.1.7 Performance

The performance properties of Hall thrusters P5-A and P5-B aré measured at
three pumping speéds. Tables 4-1 épd 4-2 show that the anode mass flow rate and
magnet settings remain constant at each power setting for all three pumping speeds. The
thrusters are mounted on the null-type inverted pendulum thrust stand located at station 1.
As the facility backpressure increases, the thruster discharge current and thrust increase

as more background xenon gas is ingested into the thruster discharge chamber. All

performance parameters presented exclude the cathode mass flow and heater power.




Figures 4-33 and 4-34 present the measured thrust of the P5-A and P5-B,
respectively, as a function of discharge voltage for anode flow rates of 5.25 mg/s and
- 10.46 mg/s. The thrust produced by each of the mvonolithic thrusters is nearly identical
and increases with increasing vbackpressu'r‘e, as expected. The agreement gives
confidence in the similarity construct.ion of thewcluster elements. Figures 4-33 and 4-34
also show that the performances of the P5-A and P5-B are close to the original P5 Hall
thruster within the error of the thrust measurement.>>*' The similar .performance implies

that the thrusters are assembled similarly to the original P5 Hall thr,uste'r.5 3
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z ]
E 150 ==
E E R —---”'i§f0 Tbrr-XG
= 1007 B B -8 53x10°Torr-Xe
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Figure 4-33: The P5-A thrust measurements at anode flow rates of 5.25 mg/s and 10.46 mg/s as a
function of discharge voltage at nominal pumping speeds of 70 kl/s, 140 kl/s, and 240 kl/s.
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Figure 4-34: The P5-B thrust measurements at anode flow rates of 5.25 mg/s and 10.46 mg/s as a
function of discharge voltage at nominal pumping speeds of 70 kl/s, 140 kl/s, and 240 kls.

Figure 4-35 presents the anode efficiency of the P5-A. ‘Since the performance
paraineters of the P5-A and P5-B are similar, only the anode efficiency and specific
impulse of the P5-A are shown. Figure 4-35 shows that, in general, the anode efﬁciency
for a given flow rate increases with discharge voltage until a maximum is reached. Any
further increaée in voltage has little effect on the efficiency or causes it to decréase.
Increasing the anode mass flow rate from 5.25 mg/s to 10.46 mg/s increases the
maximum efficiency. At an anode flow rate of 5.25 mg/s with a backpressure of 9.1x10°
Torr, the anode efficiency is a maximum at the 400 V discharge \;oltage. At this
condition the ‘ihgested flow rate, (assuming effusion at a gas temperature of 300 K) is
0.8% of the injected anode flow, the highest ratio of injected flow to ingested flow. What
appears to happen is that the increase in discharge current caused by background gas

ingestion overwhelms the increase in thrust. Therefore, more power must be supplied to



the thruster, bﬁt the beam jet power does not increase as quickly. Unfoxtunately, the

physical mechanisms that govern the interactions of ingested particles with the ionization

‘and acceleration processes (which lead to the decrease in anode efficiency) are not
understood.

Figure 4-36 presents the anode speéit"lc impulse of the P5-A. For each anode

flow rate, the specific impulse increases continually with increasing discharge voltage.

These observations agree well with the performance of the originai UM/AFRL PS5 Hall

53,96

thruster and theory.
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Figure 4-35: The P5-A anode efficiency versus discharge voltage.
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Figure 4-36: The P5-A anode specific impulse versus discharge voltage.

As shown in Figures 4-33 and 4-34, the performance of a Hall thruster is
affected by the facility backpressure. The random flux of neutral particles is ingested
into the discharge chamber. The ingested background gas increases the thrust, the
discharge current, and the discharge current oscillation .amplitud_e for a gi'venAoperating
condition. Thé ingested background particles are ionized in or near the discharge channel
and accelerated downstream, artiﬁciaily increasing the measured thrust. In addition,
discharge current oscillations and electron collisions with the ingestéd neutrals enhance
‘the electron mobility across the magnetic field. The increase in the numﬁer of electrons
that reach the énode increases the discharge current at the expense of thrust. Several
studies ha'\-/e attempted to e#plain the phenomena behind this behavior.’® *! One
approach that is routinely applied to correct performance data for ingested flow is to

extrapolate thrust versus pressure data to zero background pressure.”’
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Using thrust data collected across the P5 Hall thruster operating range at three
operating pressures and two anode flow rates, we attempt to quantify the effects of the
ingestion of neutral background gas at the Hall thrustér exit plane. From this, we attempt
to develop a tool to correct fhe performance of a Hall thruster operated at elevated facility
backpressure. The approach towards correéting the thrust measured at elevated
backpressures is to find the thrust increment provided by the ingested gas accelerated
downstream.* For a known discharge channel open area, facility ba'ckpressure.and wall
temperature, we can use kinetic theory to calculate the mass flow rate of ingestéd
background gas.3® (Note that if the discharge extends significantly past the exit plane of
the thruster, the effective area of the discharge is too small.) Next, assume that the Hall
thruster has an ionization efficiency of 80% for neutral prépellaﬁt leaving the anode.®®?
The ionization probability of an ingested particle is 96% assuming an equal chance of
ionization per pass through the ionization region because any particle that makes it
through the ionization region on the way into the channel must travel through the.
ionization region a s.ec‘.ond time as it exits the channel. The particles are acc’elerafed at
the operating véltages measured by the ESA. The thrust increment created by ingested
background neutrals is theh calculated and used to correct measured thrust. The percent
difference is calculated between the corrected thrust measured at 140 kl/s and the
uncorrected thrust measured at 240 kl/s.

Figures 4-37 'and 4-38 show the thrust percent differences for anode flow rates
of 5.25 mg/s and 10.46 mg/s, respectively. The uncorrected data show that the thrust

measurements taken at a pumping speed of 140 kl/s are as much as 8% greater than the

thrust measurements taken at a pumping speed of 240 kl/s. The corrected data show that
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the “random flux” corréction method does not adeqqately account for the phenomena
created by' elevated backpressure.

To correct for the effect of ingested background gas on>the performance of a
Hall thruster, the composition of the plume must be considered at each backpressure
pressure. Results presented earlier show that as the facility béckpressure increases,
 electron temperature and electron number density increase 1 m downstream of the exit
plane. The corrésponding decrease in' plasma potential (~6 V) yields a 2% increase in
accelerating potential, which results iﬁ al% increasg in exit velocity, and thus thrust.
This does not account _fbr the increase in thrust with increasing backpressure.
Measurements of the ion current density with Probe B show that the ion beam current
decreases with increasing backpressure, which would lead to a decrease in thrust.
However, the plume divergence half-angle is nearly constant for all backpressures at a
given thruster operating condition. Reéults of the ESA measurements show that the ion
energy distribution function increases in width as the backpressuré incréases. The
amount of kinetic erergy in the plasma plume may increase or decrease in magnitude
dependiﬁg on the ratio of trace height to width. Because the percentage of Bearﬁ ions that
reach the probe collector is signiﬁcaﬁtly affected by backpressure, it is not possible to
calculate the amount of energy in the plasma flow from the IEDF. As the backpressure
.increases, a greater number of multiply-charged ions may be created-in tile discharge
chamber.? Th_e_ large error in the species fraction calculations does not inspire confidence
in the ExB probe, or in results of their effect on the measured thrust.

If is not possible to point to a single distinct mechanism by which elevated

facility backpressure increases measured thrust. The results of the performance and




‘plume characterization as a function of facility backpressure suggest that the overall
change in thrust is the sum of several small changes in the plume characteristics,

- especially the plasma potential and IEDF.
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Figure 4-37: Percent difference in measured thrust of the PS-A at nominal pum'pihg speeds of 140
kl/s and 240 kl/s for an anode flow rate of 5.25 mg/s.
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Figure 4-38: Percent difference in-the measured thrust of the P5-A at nominal pumping speeds of
140 kl/s and 240 kl/s for an anode flow rate of 10.46 mg/s.

4.1.8 Facility Effects

The previous discussion thoroughly characterizes the effect of facility
backpressure on the plume, performance, and operating characteristics of the thruster.
The effects on the measured parameters are caused by background gas entrained into the
discharge chamber of the thruster and collisions with the background gas as the beam
particles travel downstream to the diagnostic. The changes in the plasma composition
due to the entrainment of the facility background gas lead to an increasé in the discharge
current oscillations amplitude. At the higher-power operating conditions, discharge
oscillations appear to increase the number of electrons that reach the anode. This may
also be caused by an increase in the number of electron-neutral collisions created in the

discharge chamber at higher backpressure, which enhances the electron mobility to the




anode. Because the increase in backpressure, discharge current, and discharge currént
oscillation amplitude occur at the same time, it is difficult to decipher what drives these
- changes other than increased neutral density.

Collisions downstream 6f the exit plane occur more frequently as the facility
backpressure increases. The percentage of CEX ions in the plume increases with facility
backpressure, and is most noticeable in the plume core and wings of the ion current
density measurements. A magnetically-filtered Faraday probe effectively removes CEX
ions from the ion current density measurements. In addition, the width of the ion energy
distribution broadens with increasing backpfessure. Unfortunately, the error in the
calculation of the ion species fractions is too large to allow valid comparison of species
fractions at different backpressures. Furthermore, the increase in beam ion collisions
with the background gas leads to small changes in the floating potential, plasma potential,
electron number density, and electron temperature. While the change in each of these
parameters is small, the overall effect of increased facility backpressure leads to an
increase in the thru_sf of thé Hall thruster. |

Because the increase in thrust with increasing backpressure appears to be due to
the sum of these effects, a straightforward methbd to correct thrust for performance
measurements is not yet clear. However, this investigation bounds the increase in thrust -
for a given increase in facility backpressure. To correct performance measurements
taken at elevated backpressures, one must take into account the changes in the multiply-
charged ion fraction, ion energy distribution, and plume divergence as the facility
backpressure increases. I believe the most fruitful approach is to use these experimental

data to validate a numerical model that simulates Hall thruster performance over a wide



range of pressures. The model can be calibrated with data collected at an arbitrary

pressure for a given thrust, and then used to predict the on-orbit performancé.

4.2 Conclusions _

We now have a full characterization of the Hall thruster discharge current

~ oscillations, electron temperature, electron number density, floating potential_, plasma

potential, ion current density, ion .energy distributiovn, ion species fraction, and

performance over a range of facility. operating pressures above and below Randolph’s

suggested pressure of 1.0x107 Toﬁ-Xe. The resqlts éhov& that Randolph’s criterion for
plume measurements does hot hold.

This investigation ve;}iﬁes that the MFFP adequately.ﬁlters‘ out CEX ions in the
wings of the plume. The curr(;,nt ESA and ExB diagnostic designs require adjustments if -
they are to accurately measure plume parémeters at elevated facility backpressure. in
high-density plaéma. The increase in thruster thrust with increasing facility backpressure
is explained as the sum of incremental changes due to entrained gas, lower plasma

potential, and broadening of the ion energy distribution function.
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CHAPTER 5
CLUSTER CHARACTERIZATION

The previous chapter develops a baseline of the plume and performance
characteristics of P5-A and P5-B at three facility backpressures. The results of that effort
show that the plume and performance characteristics of the thrusters are nearly identicél.
This yields a thorough understanding of the monolithic thrusters, which is a solid
foundation to start the investigation of high-power Hall thlfuster clustering.

The aim of this chapter is to investigate the effect of Hall thruster clustering on
plume and performance characteristics. The study investigates how performance and
plume characteristics of a single thruster are affected by an adjacent thruster element. In
addition, the overall plume and performance parameters of the cluster are characterized.
The results are used to determine the fea81b111ty of high-power Hall thruster clustenﬁg

To investigate the effect of Hall thruster clustering, the performance and plume
characteristics of the cluster are characterized at thfee facility backpressures. The plume
characteristics are measured at facility pumping speeds of 70, 140, and 240 kl/s. The
piume measurements are performed two ways: first, with the axis of probe rotation-
centered on the PS;A exit plane; and second, centered on the cluster. The first

configuration allows measurement of the effect of the adjacent thruster, while the second

configurations allows for characterization of the overall cluster plume.




5.1 Probe Data

The plume and performance characteristics of the 2x1 cluster of IjM/AFRL PS5
Hall thrusters are characterized at the operating conditions displayed in Table 5-1. The
measurements are performed with each of the diagnostics described in Chapter 2 over a
range of backpressﬁres from 5.4x10 Torr-Xe to 2.8x107 Torr-Xe. Figure 5-1 shows
measurement Configuration 1, which centers the one-meter arc on which data are
collected on P5-A. Figure 5-2 show‘sAmeasurement Configuration 2, which centers the
one-meter arc on which data are collected on the cluster centerline.

All of the meaSuréments presented in this chapter are takén with a monolithic
thruster centerline separation distance of 40 cm. Each of the monolithic elements is
operated independently from its own cathode and power supplies. Only cluster data
collected with both cluster elements operating at 300 and 500 V for anode flow rates of -
5.25 and 10.46 mg/s are shown. The §peration conditions of 400 and 600 V at anode
flow rates of 5.25 and 10.46 mg/s show similar trends to the data preseﬁted.

This following subsections discuss the effect of facility backpressure on the
measured plume and performance characteristics of the elements of ‘the cluster. The
overall pl\jme and performance of thev Hall thruster cluster as a function of backpressure
are also discussed. In addition, the data are examined for signs of one thruster affecting

the plume or performance characteristics of the adjacent thruster.
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-23.5°

PSA PSB Inner | Outer
PumpsiDischarge | Discharge | Discharge | Anode[Cathode] Magnet| Magnet

Voltage | Current | Current Current| Current| Pressure | Pressure

V) (A) (A) (mg/s)| (mg/s) (A) (A) | (Torr-Xe)| (Pa-Xe)

2 300 5.76 5.68 5251 0.92 2.56 1.43 1.5E-05 | 2.0E-03
2 400 6.94 6.94 525 | 0.92 3.14 1.55 1.5E-05 | 2.0E-03
2 500 8.26 8.38 5.25 ]1:'0.92 3.98 1.57 1.5E-05 | 2.0E-03
2 300 11.08 10.90 10.46 | 0,92 3.06 1.82 2.8E-05 | 3.7E-03
2 400 14.54 11.06 10.46 | 1 0.92 3.92 2.00 2.8E-05 | 3.7E-03
4 300 5.24 5.22 5251 092 2.56 1.43 8.6E-06 | 1.1E-03
4 400 5.34 5.34 525 | 092 3.14 1.55 8.6E-06 | 1.1E-03
4 500 5.42 540 525 ] 092 3.98 1.57 8.6E-06 | 1.1E-03
4 300 10.32 10.34 1046 | 0.92 3.06 1.82 1.3E-05 | 1.7E-03
4 400 10.48 10.48 1046 | 0.92 3.92 2.00 1.3E-05 | 1.7E-03
7 300 5.14 4.96 5251 0.92 2.56 1.43 5.4E-06 | 7.2E-04
7 400 5.26 5.06 525 | 0.92 3.14 1.55 5.4E-06 | 7.2E-04
7 500 5.36 5.24 525 1 0.92 3.98 1.57 5.4E-06 | 7.2E-04
7 300 10.14 10.02 1046 0.92 3.06 1.82 8.9E-06 { 1.2E-03
7 400 10.26 10.14 1046 | 0.92 3.92 2.00 8.9E-06 | 1.2E-03
7 500 12.92 11.32 1046 092 | 4.28 3.00 8.9E-06 | 1.2E-03

. Table 5-1: Cluster operating conditions
P5-B  P5-A 100°

Figure 5-1: Configuration 1: Diagram of the cluster with the 1 m arc of data collection centered on

P5-A.
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P5-B  PS-A 100°

)

-11.5° ¢o

Figure 5-2: Configuration 2: Diagram of the cluster with the 1 m arc of data collection centered on
the cluster. '

5.1.1 Discharge Current Characteristics

The dischafge current oscillations of the cluster elements arev measured to
determine if the} cluster configuration causes the thrusters to couple in some way. The
discharge current oscillations dsf each of the cluster elements are meésured over the range
of facility backpressures and operating conditions by separate F.W. Bell IHA-25 Hall
proBes connected to a single Tektronix TDS 3034B oscilloscope. As with the monolithic
characterization, the discharge current measurements' are made after the thrusters have
operated for a minimum of one hour, so thermal equilibrium is reached.

Figures 5-3 through 5-5 present samples of the measured -discharge current
oscillations of each of the monolithic thrusters as a function of facility backpressure.
Figures 5-3 and 5-4 show that the discharge current oscillations of P5-A and P5-B in the
cluster configuration are nearly‘the same as when each engine operates alone. Fast
Fourier transforms of the clustered monolithic thruster discharge current oscillations
show that the discharge is composed of oscillation frequencies of 0.85 to 10.4 kHz, which
are characteristic of Hall thruster operation.* The phases of the discharge current

oscillations show no sign of coﬁpling between the two thrusters. In addition, discharge
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current amplitude for each appears to be completely independent. Figure 5-5 shows P5-A
discharge current oscillations for the thruster operating in the clustered and monolithic
configuration at nearly equal facility backpressures. Notice that the amplitude of the
discharge current oscillations is approximatel')} the same when the monolithic thruster and
cluster are operated at nearly the same facility‘b;ckpressure.

Figure 4-2 shows nominal discharge current oscillations of the P5-A operating
at 300 V, 4.92 A at an operating pressure of 3.5x10’6 Torr-Xe. .'I"he amplitude of the
oscillations is approximately 17% of the average discharge current. Figure 5-3 shows the
cluster element discharge currents ‘with the P5-A operating at 300 V, 5.14 A and the P5-B
operating at 300 V, 4.96 A at an operating pressure of 5.4x10° Torr-Xe. The cluster
'operafes well at this condition, but the discharge current oscillation amplitude of the P5-A
has increased to 22% of the average discharge current by the increase in facility
backpressure. The amplitude of the P5-B is approximately 14% of the average discharge
current. The difference between the P5-A and P5-B oscillation amplitudes may be.
caused by vérying ‘co:mponent material properties and assembly tolerances typical of
hand-built thruéters, cathodes, and discharge filters.

Figure 5-4 shows the cluster -discharge. current oscillations with the P5-A
operating at 300 V, 5.76 A and the P5-B operating at 300 V, 5.68 A at an operating -
préssure of 2.8x10® Torr-Xe. vThe discharge currents have increased from the values
measured at the 5.3x10° Torr-Xe operating pressure. Furthermore, thé amplitudes of the

discharge oscillations have increased to approximately 37% of the discharge current for

both the P5-A and P5-B.




The above analysis shows that the clustered thruster oscillation amplitudes
increase with facility backpressure, and that each discharge current oscillation seems to
be unaffected by the adjacent Hall thruster. Therefore, clustering Hall thrusters on a

spacecraft should require no changes to existing Hall thruster power processing units.
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Figure 5-3: Cluster discharge current with the P5-A operating at 300 V, 5.14 A and the P5-B

operating at 300 V,4.96 A. The measurements are taken at a nommal pumping speed of 240 Kl/s:
7.2x10° Pa (5. 4x10° Torr).
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Figure 5-4: Cluster dléc'llarge current with the P5-A operating at 300 V, 5.76 A and the P5-B

operatmg at300V, 5 68 A. The measurements are taken at a nominal pumping speed of 70 Kkl/s:
3.7x10° Pa (2.8x10°° Torr).
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Figure 5-5: Discharge current of the monolithic P5-A (300 V, 5.34 A) at a backpressure of 9.1x10
Torr-Xe and the clustered P5-A (300 V, 5.24 A) at a backpressure of 8.6x10 Torr-Xe.




5.1.2 Plasma Potential and Floating Potential

The plasma potential and floating potential in the plumes of the P5-A and P5-B
Hall thrusters are measured from -100° to +100° on the one-meter arc shown in Figures
5-1 and 5-2. The measurement step size is 5° from thruster centerline to an angle of 50°
and 10° for angles greater than 50°. Figures 5-6 through 5-9 present traces of the plasma
potential and floating potential measured in Configuration 1'at each operating condition
and pumping speed. Figures 5-10 through 5-12 present traces of the plasma potential and
floating potential measured in Conﬁéuration 2. Several of the figures presenting the
Configuration 1 data include a P5-A trace collected at a nominal pumping speed of 70
kl/s. These data are incloded for a nearly equal-backpressure comparison with cluster
data collected at a nominal pumping speed of 140 kUs.

The plume characteristics in Configuration 1 (see Figures 5-6 through 5-9) show -
how a monolithic thruster is affected by an adjacent thruster, since the measurements are
taken in the same configuration in which the monolithic thrusters are characterized. Note
that the traces of floating potential and plasma potential show a peak on centerline
(corresponding to the plume of P5-A) and a peak at approximately -25° (cofresponding to
the centerline of P5-B). The distinct peaks located at the angular positions of 0° and -25°
(see Figuro 5-1) verify that the plumes vdo not coalesce into a single structure.

The mooolithic P5-A traces added to Figures 5-6 and 5-8 show that the floating
potential of the plume has a similar shape as a function of angle for both the monolithic
and cluster configurations. However, as the backpressure in the chamber increases, the
magnitudo of the floating ootential in the cluster configuration is approximately 2 volts

lower than that of the monolithic thruster. The figures also show that an increase in

facility backpressure causes an increase in floating potential at all angles.




The fraces of the plasma potential for Configuration 1 show different trends.
The plasrﬁa potential of the monolithic P5-A plume is very similar to that of the cluster at
-nearly equal backpressures. On the centerline of PS-A there is. little to no change in
plasma potential with backpressure. However, for angular locations néér the centc_:rline of
P5-B, the plasma potential increases With decre;sing facility backpressure. This may be
caused by a greater absolute number of beam ions impacting the Langmuir probe as the
backpressure decreases. For large angles from P5-A centerline an increase in facility
backpressure causes an increase in plasma potential. This.is because as backpressufe
increases, the number of CEX ions at angles off centerline increases, which resu]ts'in an
increase in the plasma potential.

The results*of Configuration 2 are presented in Figures 5-10 through 5-12.
Configuration 2 shows how the overall plume of the cluster looks. Note that each trace
shows distinct pe#ks at approximately +10° from thruster centerline. These peaks
correspond to the angular location of the monolithic thruster centerlines shown in Figure>
5-2. These péaks sh.ov:/s the symmetry of the cluster plumes, which means that the ﬁlume
of the monolithic thrusters has not merged.int‘o one plume; also the location of the peaks
shows that neither thruster appears to deﬂect‘or attract the plume of its neighbor. The
cluster traces show that as the facility backpressure increases the floating potential -
increases at all angles. Figure 5-12 shows that the greatest increase in floating potential -
is approximately 4 volts and occurs at the 10.46 mg/s anode flow rate. The change in
floating potential for both Configuration 1 and 2 is related to the electron temperature and

electron number density, which are discussed in the next section.
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The traces of plasma potential in Configuration 2 show clear trends. In the
wings of the Configuration 2 traces, the plasma potential increases with increasing
facility backpressure, which is identical to the plasma potential Configuration 1. For
angles of +20° and greater from thruster centerline, the plasrﬁa potential decreases with .
increasing facility backpressure. In addition, the peaks corresponding to the monolithic
thrusters increase with decreasing backpressure. This trend'is caused by an increase in
the absolute number of high-energy beam ions that reach the- Langmuir probe as the
facility backpressure decreases.

The measurements of floating potential and plasma potential in the cluster
plume for Configurations 1 and 2 show that backpressure-induced facility effects on
plume properties are comple;_:. The results show different trends as a function of
backpressure for different locations in the cluster plume. Fortunately, the changes in
magnitude are negligible when compared to the Hall thruster discharge voltages.
Changes in floating potential and plasma potential do not appear to affect the overall
cluster performance and Should present no more challenge than monolithic thrusters for

integration onto spacecraft.
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Figure 5-6: Traces of the floating potential and plasma potential as a function of angle in
Configuration 1. The cluster operating condition is 300 V, 5.25 mg/s at 3 backpressures.
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Figure 5-7: Traces of the floating potential and plasma potential as a function of angle in
Configuration 1. The cluster operating condition is 500 V, 5.25 mg/s at a backpressure of 5.4x10°
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Figure 5-8: Traces of floating poteitial and plasma potential as a function of angle in Configuration
1. The cluster operating condition is 300 V, 10.46 mg/s at 3 backpressures.
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Figure 5-9: Traces of the floating potential and plasma potential as a function of angle in _
Configuration 1. The cluster operating condition is 500 V, 10.46 mg/s at a backpressure of 8.9x10°¢
Torr-Xe.
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Figure 5-10: Traces of the floating potential and plas

ma potential as a function of angle in

Configuration 2. The cluster operating condition is 300 V, 10.46 mg/s at 3 backpressures.
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Figure 5-11: Traces of the floating potential and plasma potential as a function of angle in
Configuration 2. The cluster operating condition is 500 V, 5.25 mg/s at 2 backpressures.
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Figure 5-12: Traces of the floating’potential and plasma potential as a function of angle in
Configuration 2. The cluster operating condition is 300 V, 10.46 mg/s at 3 backpressures.

5.1.3 Electron Number Density and Electron Temperature

The electron number density and electron temperature of thé P5 Hall thruster
cluster is measured with a Langmuir probe from -100° to +100° on the one-meter arc
shown in Figures 5-1 and 5-2. 'fhe measurement step size is 5° frorﬁ 'thruéter centerline
to an anglé_ of 50°. bFor angles greate.r‘ than 50° the measurement step size is 10°. After
each measurement, the Langmuir probe is moved back to thruster centerline for 30
seconds so that collisions with the 200+ eV ions can clean the probe. Figures 5-13
through 5-16 preéent traces of the electron number density and 4e1ectron temperature
measured in Conﬁgurétion 1 at each operating condition and pumping speed. Figures
5-17 through 5-19 present traces of the electron number density and electron terripefature

measured in Configuration 2 at each operating condition and pumping speed. Several of
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the figures that present the Configuration 1 data include a trace of the P5-A collected at a

nominal pumping speed of 70 kl/s. These data are included for nearly equal-backpressure

.comparison with the cluster data collected at a nominal pumping speed of 140 kU/s.

Figures 5-13 through 5-16 present the results of Configuration 1. The ¢lectron
number density and electron température traces show a peak on centerline that
corresponds to the centerline of the plume of P5-A. In addition, there is a second peak
between -25° and -15° that corresponds to the centerline of P5-B. The distinct peaks
located at the lanvgular positions of the individual thrusters verify that the plumes remaiﬁ
separate as they expand into the vacuum facility. The peaks also show that plume
interaction does not attract or deflect the adjacent plume.

The monolithic P5-A trace added to Figure 5-15 shows that the electron number
density of the plume is nearly identical to the electron number densities measured in the
P5-A plume operating in the cluster configuration, within in the 50%. error of the
measurement. Monolithic P5-A electron temperature traces show similar agreement with
the P5-A clusfer meésu;'ements. |

The eléctron number density traces measured in Configuration 1 show that on
centerline, the number density increases with increasing backpressure. The same trend is
apparent at the angular location corresponding to the P5-B. As the angle ﬁomA thruster
centerline increases, the electrbn number density at each backpressure decreases and
apparently converges to a single background value. This is the same Behavior shown in
Chapter 4 for the monolithic thruster investigation.

The electron temperature traces measured in Configuration 1 show little change

in magnitude as the angle from thruster centerline increases. Only the 500 V operating
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conditions presented in Figures 5-14 and 5-16 show distinct peaks in the electron

terﬁperatufe that conéspond to the centerline of the monolithic thrusters." This is because

tﬁe higher discharge voltage creates higher electron energies that migrate downstream.

However, the electron temperature decreases with increasing facility backpressure.
Measurements of the electron energy distribution function are needed to understand how

the background particles decrease the electron temperature.

Figures 5-17 through 5-19 present the results of cqnﬁguration 2. The electron
number density measurements in Conﬁguration 2 show distinct peaks at angles of +10°.
These peaks correspond to the centerlines of the monolithic thrusters. Once again, on
centerline the electron number density increases with increasing backpressure. As the
angle from thruster centerline ipcreases, the electron number density appears to converge
to a single value for all facility backpressures. As the angle from centerline increases, the
present density will approach zero, which explains the decay in the electron number
density with increasing angle from centerline.

Figures 5-13 and 5-14 show an approximately 50% increase in the electron
number density from the centerline of the monolithic P5-A to the ceﬁterliné of the PS_-A
operating in the cluster conﬁguratioxi. The radial configuration used to measure the
electron number density does not allow the straightforward creation of a prediction
method for the electron number density of a cluster. Previously, Beal hasAshown that the
electron number density in a cluster is equal to the sum of the contribution of the
individual thrusters.5 0

Con_ﬁguration 2 shows that the electron temperature is nearly constant with

angle. Furthermore, peaks in the electron temperature are 6n1y distinguishablé at the 500
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V operating conditions. As discussed previously, the electron temperature appears to
depend strongly on the discharge voltage and weakly on the backpressure. Comparison

with the monolithic thruster measurements shows that the electron temperature is not

affected by the adjacent thruster. |
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Figure 5-13: Traces of the electron number deénsity and temperature as a functlon of angle in
_Configuration 1. The cluster operating condition is 300 V, 5.25 mg/s at 3 backpressures.
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Figure 5-14: Traces of the electron number density and temperature as a function of angle in

Configuration 1. The cluster operating condition is 500 V, 5.25 mg/s at 5.4x10° Torr-Xe.
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Figure 5-15: Traces of the electron number density and temperaturé as a function of anglye in
Configuration 1. The cluster operating condition is 300 V, 10.46 mg/s at 5.4x10°° Torr-Xe.
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Figure 5-16: Traces of the electron number density and temperature as a function of angle in
Configuration 1. The cluster operating condition is 500 V, 10.46 mg/s at 8.9x10® Torr-Xe.
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Figure 5-17: Traces of the electron number density and temperature as a function of angle in
Configuration 2. The cluster operating condition is 300 V, 5.25 mg/s at 3 operating pressures.
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Figure 5-18: Traces of the electron number density and temperature as a function of angle in
Configuration 2. The cluster operating condition is 500 V, 5.25 mg/s at 5.4x10° Torr-Xe.
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Figure 5-19: Traces of the electron number density and temperature as a function of angle in
Configuration 2. The cluster operating condition is 300 V, 10.46 mg/s at 3 operating pressures.



5.1.4 Ion Current Density

Faraday Probes A through E are located one meter from the exit plane of the P5-
- A or the cluster as shown in Figures 5-1 and 5-2; The effect of facility background
pressure is evaluated by varying-the backpréssures from 3.2x10° Torr-Xe to 1.4x107
Torr-Xe. The goals of this study afe to inveé}igate the effect of the adjacent thruster
element on the ion current density in the plume of the thruster, to measure the shape of
the ion current density trace downstream of the cluster, and to further evaluate the effect
of facility backpressure on the ion current density. Figures 5-20 through 5-27 present the
ion current density traces measured in the cluster plume for Configurations 1 and 2.

The ion current density is measured in Configurations 1 and 2. Bécause the
plume of the cluster is not axially symmetric, itis not possible to calculate the integrated
ion beam current or the plume divergence half-angle with data collected in this
arrangement. Instead, the measured ion current density traces are qpalitative measures of
the shape of the cluster plume. The ion current density profiles also provide insight into
the attractioﬁ or dgﬂe&tion of the ions in the adjacent plume. Configuration 1 ailows o
investigation of the effect of the adjacent- Hall thruster on the plume of P5-A. As is
shown for the cluster electron number density meaéurements, Configurations 1 and 2 do
not allow the creation of a method to predict the ion current density.

Figure 5-20 shows traces of the ion current density measured with all 5 Faraday
probes at the lowest cluster faéility backpressure of 8.9x10° Torr-Xe. Each probe
measures a different value for the ion current density, even though it is immersed in the
same plasma. The difference between the probes becomes more apparent as the angle

| from centerline increases and the plume contains a greater percentage of CEX ions. The

facility backpressure study in Chapter 4 shows that Probe B does the best job of
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measuring the ion cufrent density at all facility backpressures. However, when
measuring the plume .of the cluster in Configuration 1, the small acceptance angle of the
magnetic filter prevents the beam ions emanating from P5-B from reaching the collector.
Thus, to measure the true shape of the ion current density profile of the cluster
configuration the nude Probe A is used.

Figure 5-21 shows the ion current density profiles ineasured with all 5 Faraday
probes in Conﬁguration 2. With the axis of rotation centered on the cluster, the shape of
the current density profiles is nearly idéntical for each Faraday probe. The traces differ in
magnitude because each probe filters a different percentage of the CEX ions away from
the probe collector. Thus, Probe A is used to measure the ion current density profiles of
the cluster at all operation condjtions.

Figures 5-22 through 5-24 present the ion current density traces of the cluster
plume in Configuration 1 measured at tﬁe 140 kl/s nominal pumping speed. Traces of the
monolithic ion current density are included in each of the ﬁgureé measured at the
identical discharge and flow rate, but at a nominal pumping speed of 70 kU/s so that a
constémt-presspre comparison can be made. The results show that within the eﬁor of the
thruster alignment and the repeatability of the ion beam current, the P5-A monolithic
thruster tra?:es for angles of 0° to 100° are nearly identical to the cl_uster traces for all
operating conditions. Several of the traces even duplicate the asymmetry qf the P5-A ion
current density profiles. The results show that the ion current density profile on the side
of the monolithic thruster farthest from the adjacent thruster is not affected by the
V adjacent tﬁmster. For the side of the monolithic thruster plume that touches the adjacent

thruster, there appears to be no change in the ion current density proﬁle‘ out to
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approximately 10°. It is possible that between the thrusters, the ion current density is the
linear superposition of the individual plumes.

Figures 5-25 through 5-27 present traces of the ion current density profile of the
cluster measured by Probe A inConﬁguraﬁ‘on 2 at all the operating conditions for 3
backpressures. The results show that at the 5.‘2§ mg/s anode flow rate, there is almost no
difference in the magnitude of the ion current density on centerline. However, at large
angles, the ion current density differences increase with increasing backpressure because
of the increased fraction of CEX ions. For the 10.46 mg/s flow rate presented in Figure
5-26, there is a small increase in ien current density with increasing backpressure in the
wings of the plume and near the cluster centerline. The increased ion current density on
cluster centerline is the same trend shown by the monolithic 10.46 mg/s anode flow
current density. The increase in the ion current density in the wings of the plume with
increasing backpressure is caused by the. increasing number of CEX ions due to
increasing facility backpressure.

The ion cuﬁent density traces measured in Configurations 1 and 2 dis'play-peaks
at the angular. locations corresponding to the individual thrusters. In addition, the
monolithic thruster current density traces imposed on the Configuration 1 traces show
excellent agreement with the P5-A operating in cluster Configuration 1. Because the -
peaks of the ion current density profiles do not move when operating in the cluster
configuration, the beam ions of the monolithic thruster are not measurably deflected by

the adjacent Hall thruster.
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Figure 5-20: Tlie cluster ion current density as a function of angle in Configuration 1. The cluster
operating condition is 300 V, 5.25 mg/s at a backpressure of 8.9x10-6 Torr-Xe.
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Figure 5-21: The cluster ion current density as a function of angle in Configuration 2. The cluster
operating condition is 300 V, 5.14 A at a backpressure of 8. 9x10°° Torr-Xe.
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. Figure 5-22: The cluster ion current density as a function of angle in Configuration 1. The
monolithic thruster and cluster operating condition is 300 V, 5.25 mg/s.
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Figure 5-23: The cluster ion current density as a function of angle in Configuration 1. The cluster
and monolithic thruster operating condition is 300 V, 10.46 mg/s.
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Figure 5-24: The cluster ion curreitt density as a function of angle in Configuration 1. The cluster
and monolithic thruster operating condition is 500 V, 5.25 mg/s. '

—— 524 A,5.22 A, 8.6x10° Torr-Xe
—— 5.14 A, 4.96 A, 8.9x10° Torr-Xe
0.001 S P TT
-100-90-80-70 -60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 90 100
Angle (Degrees) i

Figure 5-25: The cluster ion current density as a function of angle in Configuration 2. The cluster
operating condition is300 V, 5.25 mg/s at 3 backpressures. ' )
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Figure 5-26: The cluster ion current density as a function of angle in Configuration 2. The cluster
operating condition is 300 V, 10.46 mg/s at 3 backpressures.
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Figure 5-27: The cluster ion current density as a function of angle in Configuration 2. The cluster
operating condition is 500 V, 5.25 mg/s at 3 backpressures.
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5.1.5 Ion Energy Spectra

In the cluster configuration, the plasma density i_nside the ESAatl and 1.5m
downstream of the thruster exit planes is too high to collect usable ion energy per charge
distributions. The plasma density at the ESA entrance is too high,‘ and the high plasma
density inside the ESA provides a large number of electrons for the positively-biased
deflection plates to collect. Thus, the sourcemeter used to bias the plates reaches the
current compliance limit before the ion energy d.istributiqn is fully cﬁmacteﬁzed. This
plasma density limitation is discussed 1n more detail in Chapter 4.

The RPA measures the ion energy distributi;)n per charge in the plume of the
cluster. Due to the physicai limitations of the positioning tables, measurements of the ion
energy per charge distributions are only collected for Configuration 2. The ion energy
distributions of the clusters are measured from -90° to +90° on the one-meter arc shown -
in Figure 5-2. The measurements are made in 5° increments from thruster centerline to
50°. For angles greater than 50°, the measurements are made in 10° steps. For the RPA
measurements, the cluster is rotated and the RPA remains stationary.

Because the RPA is not aligned on one of the .point ion sources of the cluster,
the results measure only the ion energy distribution of ions that have trajectories several
degrees off the thruster centerline. Tﬁus, the results are only qualitative in nature, and
comparisons with’the monolith thruster are difficult to make. The cylindrical RPA has an
.acceptance cone half-angle of approximately 25°. Therefore, the viewing angle of the
RPA is wide eﬁough to collect ions originating from both thrusters #t the angular position
of 0°.

The cluster spacing is 40 cm between the centerlines. Thus, the centerlines of

the monolithic thruster are located 11.3° off the RPA centerline. Because the RPA hasa-
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“wide acceptance angle, ions entering the RPA need not have trajectories parallel to its
centerliné. However, nothing stops them from having parallel trajectories, and the grid

- transmission is much higher that way. Only thevaxial component of the velocity is
measured by the diagnostic. The inlet angle of the ions in Configuration 2 never exceeds
11.3°, and the resulting error cosine ié less than“3%. The ion energy distribution per unit
charge varies with cluster rotation angle. At 0°, the distribution receives contributions
from P5-A and P5SB. At an angle of 11.3°, the distribution is dominated by the plume of
P5-B because the plume of P5-A is approximately 22° off the centcrlirie of the RPA.

Figures 5-28 through 5-30 present the ion energy per charge distributions for
cluster operation at 300 V with an anode flow rate of 10.46 mg/s. Figures 5-31 and 5-32
preseht ion energy pér charge distributions on the centerline of the cluster for two facility
backpressures.

Figure 5-28 shows that the ion energy distribution peaks increase from 274 V at
0° to a maximum of 284 V at approximately 10°, which corresponds to the alignment of
the single ménolithi.c ;hrﬁster with the RPA centerline. For angles greater than 16°, the
peak of the ion energy distribution decreases continually to a minimum of 228 V at
approximately 45°. For angles greater than 45°, the ion energy distribution shows that an
increasing percentage of the plume is dominated by CEX ions. At 90° from cluster -
centerline, the CEX population is dominant, with the ion energy per charge distribution
peaking at approximafely 29 V. Notice that for angles of 80° and 90° .the traces are much
smoother than those for angles of less than 80°. This suggests that discharge current

oscillations cause the noise, since CEX ions should be less sensitive to discharge current.
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These measurements do not show the multiple peak structure observed by
Beal.® Clearly, collision processes occur, since thé CEX ions are detected at large angles
off the cluster centerline. The elevated backpressure due to cluster operation may prevent
the RPA from detecting the results of other types of collision. |

Figures 5-31 and 5-32 present the ion energy distribution per charge on the
cluster centerline for operating conditions of 500 V, 5.25 mg/s and 300 V, 10.46 mg/s at
two different backpressures. The peaks of the distributions agree well with the earlier
discussion. There is no noticeable chénge in the location of the ion energy distribution

peak for changes in the facility operating pressure.
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Figure 5-28: RPA traces of the cluster in Configuration 2 for backpressures of 8.9x10°° Torr-Xe with
the cluster eleménts operating at 300 V, 10.46 mg/s. (0° to 15°)
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Figure 5-29: RPA traces of the cluster in Configuration 2 for backpressures of 8.9x10 Torr-Xe with
the cluster elements operating at 300 V, 10.46 mg/s. (20° to 45°)
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Figure 5-30: RPA traces of the cluster in Configuration 2 for backpressures of 8.9x10° Torr-Xe with
the cluster elements operating at 300 V, 10.46 mg/s. (50° to 90°)
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Figure 5-31: RPA traces of the cluster in Configuration 2 for backpressures of 8.6x10™ Torr-Xe and
5.4x10°¢ Torr-Xe with the cluster elements operating at 500 V, 5.25 mg/s.
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Figure 5-32: RPA traces of the cluster in Configuration 2 for backpressures of 1. 3x10° Torr—Xe and
8.9x10-6 Torr-Xe with the cluster elements operating at 300 V, 10.46 mg/s. .




'5.1.6 Ion Species Fractions
The ExB probe is used to measure the ion species fractibns in the cluster plume.
- Due to the physical limitations of the positioning taBles, measurements of the ion species
fractions are only collected for Configuration'2. The ion species fractions of the cluster
are measured from -90° to +90° on the one-meter arc shown in Figure 5-2. The
measurement resolution is 5° from thruster centerline to an angle of 50°. Fo; angles
greater than 50°, the measurement resolution is 10°. By approximatély 30°, the'signal-to-
noise ratio frpm the probe is too low to discern peaks ﬁoﬁ the traces. In the clusfgr
configuration, the plasma density inside the ExB probe 1 m downstream of the thruster
exit planes is too high to detect multiply-charged ions in the plume. The facility
'backpressure at the 70 kl/s condition is too high to collect any usable ExB probe traces.
For the same reason, traces of the 500 V, 10.46 mg/s operating condition are not recorded

at the 140 kl/s pumping speed.

Because the ExB probe is not aligned on one of the cluster element centerlines,
the measured ion s?éc}es fractions are based on the axial component of the IEDF eﬁtering
the probe. As with the ion energy per charge distribution, quantitative comparisbn of the
ExB traces cannot be made, but the relative values. may shed light on cluster interaction.
Figures 5-33 through 5-37 show traces of the ion species fraction measured over the .
range of angles and facility backpressures.

Figure 5-33 shows how the ExB traces change with aﬁgle from plume
centerline. Because of the geometric configuration, the magnitude of the peak of the
traces increases from 0° to a maximum at 10° that corresponds to the centerline of the P5-
A thruster. As the angle from thruster centerline increases further, the magnitude of the

peak continually decreases until peaks are no longer discernable at 40° off centerline.
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Notice that for all anglés, multiply-charged ions are not detected. This does not mean
thaf they are not preéent, it only means that the ExB probe cannot detect them at this
facility backpressure and probe alignment.

Figures 5-34 and 5-35 present ExB traces collected at 300 V' at an anode flow
rate of 5.25 mg/s for backpressures of 5.4x10° and 8.6x10° Torr-Xe, respectively.
Figures 5-36 and 5-37 present ExB traces collected at 500 V at an anode flow rate of 5.25
mg/ for backpfessures of 8.6x10° and‘ 8.9x10° Torr-Xe, resp_ectively. For both operating
voltages, an increase in‘facility backpréssure increases_ both the width and the magnitude
of the portion of the trac'es.t'hat contain the singly-charged particle peak. The increase in
the width on the peak is due to an increase in collisions with the facility background gas.

The traces show a structure similar to those of the monolithic thrusters. Beal
observes similar results for the low-power cluster. The only difference between the
monolithic P5 data and thé P5 cluster data is that the singly-ioriized particles from the
cluster are detected at a lower probe voltage. This is because the ExB probe is aligned on
the cluster centerline and not the centerline of one of the monolithic thrusters. Thus, only |
the axial component is measured by the diagnostic. |

As noted in Chapter 2, the ExB probe is a velocity filter. It is unable to detect
changes iﬁ fhe charge state that occur downstream of the cluster. The agreement between
the shape of the monolithic thruster and cluster traces only verifies that »clustering does

not affect the ionization and acceleration processes of the individual thrusters.
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Figure 5-33: ExB trace‘s of the cluster in Configuration 2 for backpressures of 8.9x10° Torr-Xe and
with the cluster elements operating at 300 V, 10.46 mg/s.
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Figure 5-34: ExB traces of the cluster in Configuration 2 for backpressures of 5.4x10° Torr-Xe with
the cluster elements operating at 300 V, 5.25 mg/s.
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Figure 5-35: ExB traces of the cluster in Configuration 2 for backpressures of 8 6x10° Torr-Xe with
the cluster elements operating at 300 V, 5.25 mg/s.
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Figure 5-36: ExB traces of the cluster in Configuration 2 for backpressures of 8. 6x10'6 Torr-Xe and
with the cluster elements operating at 500 V, 5.25 mg/s.
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Figure 5-37: ExB trace's of the cluster in Configuration 2 for backpressures of 8.9x10° Torr-Xe and
with the cluster elements operating at 500 V, 5.25 mg/s.

5.1.7 Performance

Figure 5-38 shows the measured perfonﬁance of thc; PS5 cluster at all the
conditions listed in Table 5-1. Figure 5-38 .shows that thrﬁst of the cluster increases as
the facility backpressure increases. As with the monolithic thruster, this is due to the
inge.stion of neutral background gas iﬁto the discharge chambers. These data are
discussed in more detail in the next section. | -

It is not possible to measure the performance of the cluster at the highest facility
operating pressures and discharge voltages. This may be caused by the elevated facility
backpressure in the immediate vicinity of the exit plane of each thruster. As the facility
' backpress;ure increases and background gas is ingestéd into the discharge chamber, the

discharge current and the amplitude of the discharge current oscillations increase. At the




highest facility operating pressures, the discharge current instability becomes more severe
as the diséharge voltage is increased for constant backpressure. The amplitude of the
discharge current oscillations increases as the backpressure increases until there is a -
disruption in the discharge. In addition, as the thruster approaches the discharge voltage
disruption conciitioh, portions of the inner channel begin to glow 6range. It appears that
the ingested background gas and consequent discharge oscillations enhance the thermal

load on the boron nitride channel wall_é.

600
0] —o- 10.46 mg/s, 2.8x10” Torr-Xe
500-] @ 10.46 mg/s, 1.3x10” Torr-Xe
450 - - -4~ 10.46 mg/s, 8.9x10°° Torr-Xe

N et |

~ 400 B EEET

% 350 | i

E 250 - | h
150 5.25 mg/s -6~ 5.25 mg/s, 1.5x10” Torr-Xe
1003 “E 525 mg/s, 8.6x10°° Torr-Xe

30 . - -6~ 525mgfs, 5.4x10° Torr-Xe
0 1 1 I 1 I ] 1 I | | I [ I i [ ]
250 300 350 400 450 500 550

Discharge Voltage (V)

Figure 5-38: Cluster thrust measurements at anode flow rates of 5.25 mg/s and 10.46 mg/s as a
function of discharge voltage at nominal pumping speeds of 70, 140, and 240 kl/s.

To use a cluster of Hall thrusters to create a high-power electric propulsion
system, it is imperative to understand how the thrust of each engine contributes to that of

the cluster. Figures 5-39 and5-40 compare the sum of the thrust of the P5-A and P5-B to
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the thrust of the cluster. All of the cluster thrust measurements are greater than the
addition of the two monolithic thrusters for the same pumping speed. This is because the
~ cluster introduces twice the mass flow rate of propeilant into the facility, nearly doubling
the backpressure in comparison to the same operating condition for a single thruster.
Therefore, the thrust augmentation due to baicf(ground gas ingestion, broadening of the
ion energy distribution, and the decrease in the downstream plasma potential is greater
for each element of the cluster than for the monolithic test case. Thus, the cluster thrust
measurements are greater than the addition of the two monolithic thrust measurements.
In addition, the cluster showé a much largér enhancement in thrust wit_h‘ increasing
facility backpressure than is seen with the monolithic thmster. The thrust of the cluster
may .also be enhanced by plume interaction. Beal found that the electric field in the
plume of an adjacent thruster is capable of turning CEX ions and accelerating them
axially downstream.% The focusing of ions leads to a decrease in the plume divergence
angle and thus an increase in thrust. |
Figure 5-_4;1 ;hows the thrust percent difference between measured clustef thrust
and the sum of the measured thrusts of the monolithic thrusters for the flow rates of 5.25
and 10.46 mg/s af the three pumping speeds. The .thrust percent difference is calculated
| by subtracting the sum of the thrust of the P5-A and P5-B from the thrust of the cluster
and then dividing by the sum of the thrust of the P5-A and P5-B. The thrust percent
difference changes liftle as the discharge voltage increases. The pércent difference in
thrust for the 10.46 mg/s anode flow rate varies from 11% to 16%, where the monolithic
operating pressure varies from 5.3x10 Torr-Xe to 1.4x10”° Tomr-Xe and the cluster

operating pressure varies from 8.9x10° Torr-Xe to 2.8x10” Torr-Xe. This is greater than
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the percent difference in thrust for the 5.25 mg/s anode flow rate, which varies from 0%
to 6%, where the monolithig operating pressure varies from 3.5x10° Torr-Xe to 9.1x10°
'fon—Xe and the cluster operating pressure varies from 5.4x10 Torr-Xe to 1.5x10”° Torr-
Xe. These differences exist because the facility backpressure is greatest at the 10.46 mg/s
anode flow rate; thus, the thrust augmentation due to facility effécts is gréatest at that
flow rate. For a given flow rate, the thrust percent difference increases as the operating
pressure decréases. This is primarin because the thrust of either the P5-A or P5-B
operated alone decreases with backpressure faster than the thrust of the cluster decreases
with pressure. This may_be caused by the adjacent thruster ingesting the un-ionized
neutral propellant of the adjacent thruster, which would cause an augmentation in thrust
greater than that provided by ingestion of the background gas. It may also be caused by
an increase in the width of the IEDF of each thruster because of elevated backpressure.
Unfortunately, measurements of the IEDF are not collected in cluster Configuration 1 to
verify this. Furthermore, Figure 5-8 shows that for the 300 V, 10.’46 ing/s cluster
operating condition the plasma potential increases by no more than 6 V with increasing
facility backpressure The increase in plasma potential leads to a debreasé in -thrust, not
the increase measured.

A plot Qf cluster anode efficiency as a function of voltage is shown in Figure
5-42. In all but one case, the cluster anode efficiency increases with discharge voltage
for a given a1_10de flow rate. However, at an anode flow rate of 5.25 mg/s with an
operating pressure of 1.._5)(1_0'5 Torr, the cluster anode efficiency decreases with
increasing discharge voltage. The same behavior is seen in Figure 4-35 for the P5-A.

The ingested flow rate, (as calculated by kinetic theory) is only 1.3% of the injectéd



anode ﬂqw at this condition. This condition has the highest ratio of injected ﬂow to
ingested flow of all the cluster measurements. As is shown in Chapter 4 for the
" monolithic thruster, the increase in discharge current overwhelms the increase in thrust.
Thus, the ratio of supplied power to beam 'j'et power decreases, as shown by the data
presented in Table 5-1. This results in deéreasing anode efficiency as the cluster
discharge voltage increases.

The cluster anode efficiency is greatest at the 10.46 mg/s ahode flow rate, which
follows the same trend seen in the monolithic anode efficiency.. The anode efficieﬁcy
increases with facility backpressure because background gas ingestion »artiﬁcially
increases the thrust at a rate that is greater than the increase in power supplied to the
thrusfer. This trend is also apparent in the monolithic thruster efficiency.

Figure 5-43 shows the cluster specific impulse. The cluster specific impulse
increases contfnually with increasing discharge voltage. The same trend is observed in
the specific jmpulse of the monolithic thrusters. The cluster specific impulse appears to
increase slightly w1th anode flow rate fo; the measured points. This is opp'osite.of the
' trend seen with the monolithic thrusters. The specific impulse is a function of the ion exit
velocity which is determined by the discharge vbltage. The cluster specific impulse
appears to increase with facility backpressure fqr a constant discharge voltage. This is-
bécause background gas ingestion increases the thrust, but the in_ggsted flow is not
accounted for in the éalculation of the anode specific impulse. |

The differences in facility operating pressure make it difficult to compare the

performance of the monolithic thruster and the cluster at the same thruster operating

condition. As shown in Table 4-1, the chamber operating pressure with the monolithic
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thruster operating in the- facility at a nominal pumping speed of 70 kl/s is approximately
the same as the operéting pressure with the cluster operating in the facility- at a nominal
pumping speed of 140 kl/s. Thus, comparisons between monolithic and cluster data at -
these conditions may be independent of facility operating pressure.

Figures 5-44 through 5-46 show the thrust, specific‘ impulse, and anode

~ efficiency of the monolithic thruster operating in the facility at a nominal pumping speed

of 70 kl/s and the cluster operating at a nominal pumping speed of 140 kl/s. As indicated

in each figure, the operating pressure of the monolithic thruster and the cluster is

approximately the same for anode flow rates of 5.25 mg/s and 10.46 mg/s. Figure 5-44
shows that at the 5.25 mg/s flow rate, the sum of the thrust of the monolithic thrusters is
approximately equal to the thgxst of the cluster. However, at the 10.46 mg/s flow rate,
the cluster thrust is greater than that of the monolithic thrusters. The thrust of the cluster -
may be greater than the surh of the thrust of the monolithic thrusters because each cluster
element elevates the operating pressure in the immediate vicinity of the adjacént thruster.
The elevated operating pressure also affects the cluster specific impulse and anode
efficiency at the 10.46 mg/s anode flow rate.

Figure 5-45 shows that, at the 5.25 mg/s anode flow rate, the specific impulse of
the cluster“is approximately the same ;15 that of the monolithic thruster. However, at the
10.46 mg/s ﬂow.rate, the specific impulse of the cluster is approximately 250 seconds
greater than that of the monolithic thruster. As discussed above, the increase in cluster
specific impulse is caused by artificial inflation of the calculated specific impulse by

ingested background gas.
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Figure 5-46 shows that, at the 5.25 mg/s anode flow rate, the anode efficiency of

the cluste:r is approximately the same as that of the monolithic thruster, within the error of

- the measurement. At the 10.46 mg/s anode flow .rate, the cluster anode efficiency is
higher than the anode efficiency of the monolithic thruster. As explained avae, the
ingestion of background gas from thé adjacentﬁthruster may lead to an augmentation of

the jet power of the beam that is not strongly correlated to facility backpressure.
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Figure 5-39: Cluster thrust measurements in comparison to the addition of the monolithic thrust for
an anode flow rate of 5.25 mg/s at nominal pumping speeds of 70, 140, and 240 kl/s.
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Figure 5-40: Cluster thrust measurements in comparison to the addition of the monolithic thrust at
an anode flow rate of 10.46 mg/s at.nominal pumping speeds of 70, 140, and 240 kUs.
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Figure 5-41: Percent difference between measured cluster thrust and the addition of the measured
monolithic thrust at anode flow rates of 5.25 mg/s and 10.46 mg/s at nominal pumping speeds of 70,
140, and 240 kl/s. o
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Figure 5-43: Cluster anode specific impulse versus discharge voltage at nominal pumping speeds of
" 70 kUs, 140 kl/s, and 240 Kl/s.
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Figure 5-44: Thrust versus discharge voltage for the sum of the P5-A and P5-B at a nominal
pumping speed of 70 ks, and the thrust of the cluster at nominal pumping speed of 140 kl/s.
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Figure 5-45: Specific impulse versus discharge voltage for the sum of the P5-A at a nominal pumping
speed of 70 kl/s and the cluster at a nominal pumping speed of 140 kl/s. -
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Figure 5-46: Anode efficiency versus discharge voltage for the sum of the P5-A at a nominal
pumping speed of 70 kUs, and the cluster at a nominal pumping speed of 140 kl/s.

Analysis of the monolithic thrust measurements shows that as thé facility
backpressure increases, more background gas is ingested into the discharge chamber,
increasing the discharge current and thrust. The perc;ent difference in thrust between the
sum of the thrust of the monolithic thrusteré and the thruth of the cluster for the 10.46
mg/s anode flow rate varies from 11% to 16% as the operating pressure varies from
5.3x.1 0 Torr-Xe to 2.8x10”° Torr-Xe. This is greater than the percent difference in thrust
for the 5.25 mg/s anode flow rate, which varies from 0% to 6% as the operating pressure
varies from 3.5x10° Torr-Xe to 1.5x10™ Torr-Xe. The difference in thrust between the
two flow rates is caused by the ingestion of background gas; thus, the difference in thrust
between the cluster and the sum of the monolithic thrusters increases as the operating

pressure decreases.

202




The efﬁciency. of the cluster shows the same trends as tﬁe monolithic thruster.
The efficiency valués of the cluster are slightly greater than those of the monolithic
thruster. The difference appears to be caused by the ingested background gas. The
specific impulse of the cluster increases with discharge voltage. However, the specific
impulse increases with facility backpressure, which was not seen with the monolithic
thruster. This is possibly due to the fact that the calculation 'of specific impulse does not
take the ingested background gas into account. /

Comparison of the perfonpaﬁce characteristics of the cluster and the monolithic
thruster at conditions of nearly equal operating pressure shows that, for the 5.25 mg/s
anode flow rate, the cluster thrust is simply the sum of the thmst of the two monolithic
thrusters. In addition, the anode efficiency and specific impulse are approximately equal
to that of the monolithic thruster. However, these trends do not hold at the 10.46 mg/s
anode flow rate for conditidns of equal operating pressure, because each cluster element
elevates the operating pressure in the immediate vicinity of the adjacént'thr\ister and the
effects of ingestion are apparent. The cluster pressure map presented in Chapter 3 could
not verify an increase in the operating pressure immediately downsi_ream'of ihe cluster
because the spatial resolution is not small enough and the measurements are not collected

closer than 0.5 m from the exit plane.

5.1.8 Predicting Cluster Performance and Plume Characteristics

The cluster spacing criterion (based on the inner channel magnetic field)
appears to' be adequate for performance measurements. Further verification of the

criterion requires measurement of the cluster performance for different separation
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“distances. It inay also be possible to move the elements of the cluster closer together
without adversely affecting their performance.

Comparison of the results of monolithic thruster and cluster measurements show
that at the 5.25 mg/s anode flow rate, the cluster thrust is simply the linear addition of the
thrust of the 2 cluster elements. At the 10.46 mg/s anode flow rate, linear addition of the
thruster elements does not correctly predict cluster thrust.

Beal has presented techniques to predict the plasmé density, electron
temperature, and plasma potential in the plume of a 2x2 clugter of 200 W Hall thrustersfo
Unfortunately, the physical différences between the measurement configurations does not
allow verification of Beal’s prediction techniques for a high-power cluster. One of the
most critical issues of Hall thruster integration is ensuring that the beam does not impinge
on any of the spacecraft surfaces. The ion current density measurements show. that the
outer half of the cluster plume is nearly identical to its plume when operated alone. Thus,
no increase in thruster element plume divergence angle is expected when operating in the.
cluster conﬁguratiq;l. ‘. This investigation shows the changes in' the floating poténtial,
plasma potentiél, electron number density, and electron temperature are small in
comparison to the error in the measurements and the magnitude of the values. In
addition, the measurements of ion energy distribution per unit charge do not detect
energetic ions in the plume of the cluster at angles greater than those measured with the
monolithic thruster. Furthermore, ion species traces do not show a large number of
multiply-charged ions at any location in the plume. The alignment problems in
Configuration 2 make it difficult to' compare the results of the ESA and ExB probes to

those of the monolithic thruster.
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5.2 Conclusions

This investigation thoroughly characterizes the effect of clusterihg on plume
characteristics. In addition, the extent to which a monolithic thruster’s performance and
plume are affected by an adjacent thruster is characterized. At an anode flow rate of 5.25
mg/s, the thrust is équal to the sum of the thrust of the monolithic thrusters. Using this
method for the 10.46 mg/s anode flow rate results in a less ‘than 5% underprediction of
the cluster thrﬁst.

Simultaneously, the investigation characterizes the effect of backpressure on the
cluster and mdnolithic thruéter elements at pressures higher that those possible with the
monolithié thruster. The backpressure effects still appear to gradually increase with
increasing backpressure. The overall knowledge gained by each portion of the
investigati.on shows that use of a high-power Hall thruster cluster should not be an issue |

using the current design rules for integrating monolithic Hall thrusters onto spacecraft. -
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CHAPTER 6
CATHODE SHARING

The previous chapter discusses how clustering affects the plume and
performance characteristics of a cluster element. It also presents rheasurements of the
overall cluster plume and performance characteristics. All of the measurements are takén
with a thruster centerline distance of 40 cm, which is determined by the spacing criterion
presented earlier.

This chapter aims to investigate three variables of Hall thruster clustering:
thruster centerline spacing, cathode sharing, and cathode displacement from the nominal -
position on the thruster. In addition, the ability to restart a thruster from a displaced
cathode is verified.

This study. attempts to define thc; limits of cathode sharing by increasing the
separation distaﬁce between the two cluster elements with various cathode configurations
while monitoring the operation of each cluster element. Once the limits of operation are
found within the physical constraints of the positioning system, the performance of one of -
the elements is measured as the cathode is displaced from its nominal position on the -

thruster.

6.1 Plume data as a function of cluster spacing

The plume parameters are not characterized as a function of cluster centerline

spacing because the test matrix size is prohibitive. Instead, the thruster discharge current




and cathode-to-ground \}oltage, Vg are monitored as a function of cluster centerline
separation distance. These measurements are performed at operating conditions of 300
and 500 V at anode flow rates of 5.25 and 10.46 mg/s. A nominal pumping speed of 240
kl/s yields operating pressures most representative of those én-orbit. In addition, the '
thruster spacing criterion developed in Chapter 5 is tested by operating the cluster over a
‘range of centerline separation distances. For all experiments the thrusters use

independent mass flow controllers.

6.2 Cluster Displacement Results

The next four subsections present the results of the cluster cathode sharing and
cluster displacement investigations. Each subsection i)resents the physical configuration
used and the results of the parar;leters measured. An explanation of the results is given in
the discussion. |

Jumps in the steady state-_ operation of the thrusters are caused by elevated
facility backpressure due to the cluster anode flow rates. The jumps were observed in the
previous cluster investigation, in which the cluster has a 40 cm thruster Centerline
spacing. The differences are not caused by operating the thrusfer in the clustér

. configuration unless noted. The jumps cause discontinuities in the discharge current and
the cathode-to-ground potential.

When operating at the same discharge voltage and anode flow rafe, the cluster
elements have different discharge currents and cathode-to-ground potentials. The

difference in the magnitude -of the discharge currents is due primarily to the

manufacturing and assembly tolerances. The difference in magnitude of the Vg is due

207




only to the difference in the hand assembly of the cathodes. Figure 6-1 shows a diagram

of the circuit used for the shared cathode configuration.

. + "
P5-A : U Anode A
Discharge
Power Supply .
—(_( ) Catho’de
P5-B
Discharge -
Power Supply : U Anode B
‘ +

Figure 6-1: Diagram of the shared cathode circuit.

The data show several important features about clustering that are critical for
spacecraft design. The following sections will discuss the features of interest for each

configuration.

6.2.1 Separate Cathodes

Figure 6-2 shows a diagrain of the cathodes mounted on the separate thrusters. V
Initial thruster centerline separation is 40 cm. This results in a minimum separation
distance between the Hall thruster magnet poles of 10 mm. The poles are not allowed to

touch to avoid any unforeseen complications with the electrical circuits.
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Cathodes

Separation Distance

Figure 6-2: Diagram of the separate cafhodes on the cluster.

For this experirhent, P5-A and P5-B are operated through electrically
independent circuits from their own cathodes and power supplies. The cluster elements
are operated with their cathodes mounted at the 12 o’clock position. The effect of -
thfuster separation distance is investigated by varying the separation distancé between the
thrusters and monitoring the discharge current and cathode-to-ground voltage. The initial
thrustér separation distance is 305 mm and the measurements are taken in 40 mm
increments out to a rﬁaximum separation distance éf 1405 mm. Figures 6-3 and 6-4
present the diécharge current as a function of separation distance for the 5.25 mg/s and
10.46 mg/S'opefation conditions, respeétively. Figures 6-4 and 6-5 present the cathode to
ground voltage for the 5.25 and 10.46 mg/s operating conditions, respéctively.

Figures 6-3 and 6-4 show that the discharge curmrent remains ﬁearly constant
with increasiné distance between the cluster element centerlines. Figure 6-4 shows that
the dischafge current is not stéady at the 500 V, 10.46 mg/s operation condition. - The
variation in the discharge current is a result of the elevated facility backpressure not the

separation distance. Figure 6-5 shows that the cathode-to-ground voltage is constant with



separation for éll 5.25 mg/s anode flow rate conditions. Figure 6-6 shows that at the 300
V, 10.46 img/s operating condition the cathode to ground voltage is nearly constant.
-However, the cathode-to-ground voltage varies witﬁ the ﬁnsteady discharge current at
500V, 10.46 mg/s.

In addition, the effect of entfainment is investigated. While P5-A and P5-B are
operating independently, one of the thrusters and its qathode are turned off. The anode
and cathode flow through the adjacent thruster is not turned off. The dischargé current
and cathode-tp-ground voltage are then monitored over thé same range of separatidn
distances. Both the discharge current and cathode to ground voltage remain constant for
all separation distances for cold and hot flow Ithrough the adjacent thruster. The
ineasurements show that the discharge current is not a function of the distance between
the thruster centerlines. Thus, for this condition it appears that the monolithic elements
are not ingesting prépellant from the adjacent thruster. .

These results differ from the results presented in Chapter 5 for the 10.46 mg/s
anode flow réte. The major difference is that the cathode sharing measure'ment.s are
performed at Siation 2 (see Figure 2-4), while the cluster thmster measurements are
performed at Station 1. The pressure field may bé remarkably different in these two

locations, thus leading to different facility background pressure effects.
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Figure 6-3: Discharge current as a function of thruster centerline distance for anode flow rates of
5.25 mg/s at a backpressure of 5.4x10 Torr-Xe.
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Figure 6-4: Discharge current as a function of thruster centerline distance for anode flow rates of
10.46 mg/s at a backpressure of 8.9x10 Torr-Xe.
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Figure 6-5: Cathode-to-ground voltage as a function of thruster centerline distance for an anode
flow rate of 5.25 mg/s at'a backpressure of 5.4x10°° Torr-Xe.
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Figure 6-6: Cathode-to-ground voltage as a function of thruster centerline distance for an anode
flow rate of 10.46 mg/s at a backpressure of 8.9x10°® Torr-Xe.




6.2.2 Sharing the Cathode of an Adjacent Thruster

The effect of a cluster of thrusters sharing a single cathode mounted above one
of the thrusters is investigated. For this experiment, P5-A and P5-B first operate sharing
cathode A, and then eharing cathode B. Figure 6-2 shows e diagram of the adjacent
thrusters and the position of their cathodes. No gas flows through the cathode of the non-
operating cathode. Figure 6-1 shows the electrical circuit through which the cathodes are
shared.

The effect of thruster sepﬁration distance is investigated by varying the
separation distance between the tﬂmsters and moniforing the discharge current and
cathode to ground voltage cf each thruster. The initial thruster separation distance is 305
mm and the measurements are taken in 40 mm increments out to a maximum separation
distance of 178’5 mm. Figures “6-7 and 6-8 present the discharge current as a function of
separation distance sharing cathode A for the 5.25 mg/s and 10.46 mg/s operation
conditions, respectively. Figures 6-9 and 6-10 present the cathode-to-ground voltage as a
function of separation disfancc when sharing cathode A for the 5.25 mg/s and 10.46 mg/s
operation conditions, respectively. |

The cethode sharing investigation is then repeated with both thrusters sharing
cathode B. Figures 6-11 and 6-12 bresents the discharge current as a function of
separation distance when sharing cathode B for the 5.25 mg/s and 10;46_ mg/s operation
conditions, respectively. Figures 6-13 and 6-14 presents the cathode-to-éound voltage
as a function of separation distance when sharing cathode B for the 5.25 mg/s and 10.46

'mg/s operaﬁon conditions, respectively.
Figures 6-7 through 6-10 present the discharge current and cathode-to-ground

voltage with both thrusters sharing Cathode A. Figures 6-11 through 6-14 present the
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discharge current and cathode-to-ground voltage with th'e-thrusters sharing Cathode B.
Sharing céthode A or cathode B does not change the characteristics of the discharge
-current or the cathode-to-ground voltage curves. Tﬁe discharge current and cathode-to-
ground voltage remain nearly constant for thé 5.25 mg/s anode flow rates. Th¢ 10.46
mg/s anode flow rates result in elevéte_d backﬁressures, which increase the number of
electron-neutral collisions in the discharge channel. As discussed in Chapter 4, the
collisions enhance the electron mobility to the anode, which leads to changes in the
discharge current. Overall, the results show that no deleterious effecfs are caused by 2

cluster sharing the cathode mounted on one of the thrusters.
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Figure 6-7: Sharing Cathode A - Dlscharge current as a function of thruster centerline distance 5.25
mg/s at a backpressure of 5.4x10” Torr-Xe
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Figure 6-8: Sharing Cathode A - Discharge current as a function of thruster centerline distance
10.46 mg/s at a backpressure of 8.9x10'6 Torr-Xe.
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Figure 6-9 Sharing Cathode A — Cathode-to-ground voltage as a function of thruster centerline -
distance 5.25 mg/s at a backpressure of 5.4x10 Torr-Xe.
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Figure 6-10: Sharing Cathode A - Cathode-to-ground voltage as a function of thruster centerline
distance 10.46 mg/s at a-backpressure of 8.9x10° Torr-Xe.
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Figure 6-11: Sharing Cathode B - Discharge current as a function of thruster centerline distance
5.25 mg/s at a backpressure of 5.4x10°° Torr-Xe
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Figure 6-12: Sharing Cathode B - Discharge current as a function of thruster centerline distance
10.46 mg/s at a backpressure of 8._9x10" Torr-Xe
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Figure 6-13: Sharing Cathode B - Cathode—to-_§round voltage as a function of thruster centerline
distance 5.25 mg/s at a backpressure of 5.4x10™ Torr-Xe
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Figure 6-14: Sharing Cathode B - Cathode-to-ground voltage as a function of thruster centerline
distance 10.46 mg/s at a backpressure of 8.9x10™ Torr-Xe

6.2.3 Sharing a Centered Cathode

This portion of the experiment investigates th¢ operation of P5-A and P5-B
while sharing a centered cathode. Figure 6-1 shows the electrical cathode shafing circuit
and Figure 6-15 shows a diagram of the physical conﬁguratibn. For this experiment, P5-
A and P5-B are operated from the centered cathode. The effect of cluster centerline
sepafation distance is investigated by 'varying the separation distance between the
thrusters and monitoring the discharge current and cathode-to-ground voltage. The initialb
thruster centerline separation distance is 390 mm and the measurements are taken in 50
mm increments out to a maximum separation distance of 1970 mm. Figures 6-16 and
6-17 present the discharge current as a function of separation distance while sharing

- cathode B for the 5.25 mg/s and 10.46 mg/s operationbonditions, respectively. Figures

6-18 and 6-19 present the cathode-to-ground voltage as a function of separation distance




while sharing cathode B for the 525 mg/s and 10.46 mg/s »operation conditions,
respectively.

Figures 6-16 and 6-17 show that the discharge current is nearly constant as a
function of centerline separation distance for the configuration in which the cluster shares .
a center cathode. There is a slight variation in the discharge current at a 10.46 mg/s
anode flow rate due to the elevated facility backpressure. Figures 6-18 and 6-19 show
that as the distance from the centered cathode increases, the magnitude of the cathode-to-
ground voltage also increases until'the.separation distance bétwegﬁ the cathode and each
thruster element is 700 mm. Since the setup is bilaterally symmetric, the thruster
centerline spacing is thus 1400 mm. The reason behind the change in cathode coupling
voltage with separation distance is that the cathode is no longer immersed in the magnetic
field of one of the thrusters. The lack of magnetic field strength weakens the coupling -
between the cathode and the Hall thruster, causing the magnitude of the cathode-to-
ground voltage to increase by approximately 8 V. Fortunately, it appeérs that the
cathode-to-ground voltage plateaus between 24 and 28 V below ground. - The increase in
cathode-to- ground voltage magnitude will reduce the exit velocity of the béarh ions, but
-the difference is negligible in comparison to the discharge voltage (4% for 300 V, 2.4%

for 500 V)
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Figure 6-15: Diagram of cluster sharing a single cathode.
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Figure 6-16: Sharing a Centered Cathode - Discharge current as a function of thruster centerline
distance at an anode flow rate of 5.25 mg/s at a backpressure of 5.4x10° Torr-Xe. _
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Figure 6-17: Sharing a Centered Cathode - Discharge current as a function of thruster centerline
distance at an anode flow rate of 10.46 mg/s.
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Figure 6-19: Sharing a Centered Cathode - Cathode-to-ground voltage as a function of thruster
centerline distance at an anode flow rate of 10.46 mg/s.

6.2.4 Operation from a displaced Cathode

For this experiment, P5-B is operated alone from its own cathode. The effect of
cathode separation distance is in?estigated by varying the distance between the cathode
and thruster centerline distance. Figure 6-20 shows a diégram of the cathode

| displacement from the thruster setup. The cathode centerline is initially 20 cm from the
thruster centerline. The axial table moves the cathode to a distance of 1.1 m from the
thmster centerline. The thrust, discharge current, and cathode-to-ground voltage are

" measured in 10 cm increments at each of the 4 operating conditions.
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" Figure 6-20: Diagram of the cathode displacement setup.

Figures 6-21 thrdugh 6-24 present the results of the cathode displacement
investigation. Figure 6-21 shows traces of the thruster discharge current and the cathode-
to-ground voltage as a function of the separation distance between the thruster and
cathode centerlines. Figure 6-22 shows traces of the cathode to groundvvoltage as a
function of the separation distance Between the thruster and cathode centerlines. Figures
6-23 and 6-24 show traces of the thrust as a function of the separation distance between
the thruster and cathode centerlines.

Fi_guré 6-21 shows that the discharge current remains constant as a function of
cathode displacement distance for all operating conditions. Figure 6-22 shows that
cathode-to-ground voltage increases in magnitude as the cathode is displaced from the
thruster. The magnitude of cathode to ground voltage for each operéting condition
asymptotes to its maximum value at a cathode separation distance of approximately 700
mm. As Wﬁh the cluster shaiing the centered cathode, this behavior is caused by the

cathode losing the coupling effect of the magnetic field.
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In addition, Figures 6-23 and 6-24 show that the thrust for each condition does
not chang‘e as the cathode is displaced from the thruster centerline. There is some drift in
the thrust measurements over the range of cathode’ displacement. This is because the
translating axial table causes a deflection in the chamber floor grating to which the thrust
stand is attached. The resulting thrusf stand til:, along with the vibration caused by the
stepper motor rotation, creates a systematic error in the thrust measurements.
Nonetheless, the drift in the thrust measurements is nearly within typical error bounds for
the thrust stand. Thus, cathode displacement from the thruste;r does not appear to cause a
change in the thrust produced by the Hall thruster.

It is clear that a Hall thruster operates efficiently from a cathode that is
displéced from its usual position on the thruster. However, in order to position cathodes
on spacecraft that are significantly displaced from the thruster centerline the thruster must
start with the cathode in the_dfsplaced position. This study verifies that the P5 Hall
thruster can be reliably restarted at the 300 V, 5.25 mg/s operating condition at an
operating pressure of é.leO'6 Torr-Xe with a cathode displaced up to 1.1 m away from
the thruster cenferline.

The only difference between the displaced cathode start procedure and a normal
Hall thruster start procedure is when the magnets are turned on. The first step in the -
diéplaced cathode starting procedure is to run the cathode on the keeper. Next, set the
anode mass flow rate to the amount required for the operating condition. Then set the
anode discharge voltage to that of the operating condition. The plasma breaks down in
less than 2 seconds from the time that the anode voltage is reached. Finally, dial the

magnets supplies up to the required coil currents for the given operating condition.




The size of the axial positioning table limits the cathode centerline to thruster
centerline separation distance to 1.3 m. It may be possible to start and operate the
thruster at greater cathode separation distances. The data show no trends that would

prevent further separation.
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Figure 6-21: Discharge current versus thruster-to-centerline separation distance for a nominal
pumping speed of 240 kl/s.
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Figure 6-22: Cathode-to-ground floating voltage versus thruster-to-centerline separation distance

for a nominal pumping speed of 240 kl/s.
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Figure 6-23: Thrust versus thruster-to-centerline separation distance for the 5.25 mg/s anode flow
rate at a nominal pumping speed of 240 kl/s. :
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Figure 6-24: Thrust versus thruster-to-centerline separation distance for the 10.46 mg/s anode flow
rate at a nominal pumping speed of 240 kl/s.

6.3 Conclusions

The study characterizes the operation of clustered thrustérs for various
separation distances énd cathode sharing configurations. This investigétion establishes
that the gas of one thruster element is not ingested into the adjacent thruster at station 2 of
the LVTF;A It also shows that varying the separation distance between the thruster
centerlines from 0.3 m (with the poles nearly touching) to 1.405 m causes no negative
effects on the performance of the individual thrusters. The cathode shaﬁng study shows
that the cluster elements can operate in several cathode sharing configurations at thruster
centerline separation distances up to 1.97 m. The only change in thruster performance
occurs when the cathode is not immersed in the magnetic field of one of the thrusters. As

the cathode leaves the magnet field, the magnitude of the cathode-to-ground voltage
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increases by approximately 8 V; the cathode-to-ground \}oltage stabilizes for cathode to

thruster centerline distances of 700 mm and greater. In addition, reliable restarts for

- cathode to thruster centerline distances of 1.3 m are verified.  This knowledge opens the

design envelope of EP-propelled spacecraft, and allows propulsion system redundancy by

placing cathodes in convenient locations.
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CHAPTER 7
CONCLUSIONS

This dissertation contains a large amount of data gathered in an effort to
overcome the limitations of current vacuum facilities. . The plume and performance
characteristics of a monolithic thrustef are measured over a wide range of pressures to
facilitate the development of techniques for overcoming facility effects. Hall thruster
clustering, another approach to developing high-power EP systems without deleterious
facility effects, is investigated over the same range of operating conditions permitting the
development of cluster performance and plume prediction tools, as well as establishing
the feasibility of cathode sﬁaring. _ This chapter summarizes the results of these efforts

and suggests future areas of activity for understanding facility effects. |

7.1 Calibration of a Vacuum Facility with a Numerical Tool

The pressure map experiment demqnstrates that the measured pressure ﬁeldé in
a vacuum -facility due to cold flow and hot flow from the Hall thruster anode and cathode
are equivalent. .This simplifies the determination of pressure in- a vacuum facility
containing a Hall thruster plume, and gives us the ability to calibrate a vaéuum facility in
terms of pressuﬁa.

The measured facility operating pressure at several cold flow rates is used to
calibrate a Direct Simulation Monte Carlo model of the operating facility.® . The

numerical model can then make accurate predictions of the vacuum facility backpressure °




for a given propellant flow rate. The numerical model includes facility geometry and
pumping surface location. Simulations of the facility using the numerical model show
“ the optimal location on the facility of an ionization gauge to monitor operating pressure.
The simulation results also show any differences between the wall-mounted ionization
gauge and the actual backpressure to whicix the plume expands. Thus, from a
measurement of the pressure on the facility wall, the true operating pressure at the
centerline of the facility can be determined.
In addition, the cluster plume préssure map verifies that the pressure map
technique accurately measures the background pressure at very high facility

backpressures. The pressure map also shows that the plume expansion of each thruster is

not affected by the adjacent thruster.

7.2 Corrections for Facility Effects

The monolithic Hall thruster investigation thoroughly characterizes the effect of
facility backbressuré ;)n the plume, performance, and operating characteristics of the
thruster. The microscopic changes in the- plasma due to the entrainment of the facility
background gas lead to an increase in the_magnitudé of the discharge current oscillations.
At the higher power operating conditions, the discharge oscillations appear to increase
the electron current reaching the anode. This may be due to an increase in the number of
electron-neutral collisions, which enhances the electron mobility to the anode.

Collisional processes downstream of the exit plane increase as the facility
backpressure increases. The percentage of CEX ions in the plume increases with facility
baékpressure and is most noticeable in the plume of the ion current density

measurements. A magnetically-filtered Faraday probe effectively removes the CEX ions




from the ion current deﬁsity measurements. The width of the ion energy distribution per
unit charge and the species fraction broaden with increasing backpressure; Due to the
elevated pressures present at the ExB probe entrance during P5 operation, it is not
possible to accurately measure the percentage of multiply-charged particles in the thruster
plume. The existing ESA and ExB diagnostic designs require adjustments if they are to
accurately measure plume parameters at elevated facility backpressure in high-density
plasma.

The incfease in beam ioq cbllisions with the backgrqund gas lead to small
changes in the floating potential, plasma potential, electron number density, and electron
temperature. While the change in each of these parameters is .small, the overall effect of
increased facility backpressure Jeads to an increase in the thrust of the Hall thruster.

Because the increase in thrust with increasing backpressure appears to be the
sum of each of these effects, a straightforward method to correct thrust is not clear.
However, this investigation bounds the increase in thrust for a given increase in facility
backpressure. To correct performance measurements taken at elevated backpreséures,
one must take into account the changes in the percentage of multiply-charged ions, the
ion energy distribution, and the plume divergence as the facility backpressure increases.
The authofl believes the most fruitful approach is to use these experimental data to
validate a numerical model which simulates Hall thruster performance over a wide range
of pressures. The model can be calibrated with data collected at an érbitrary pressure for
a given thru_st, and then used to predict the on-orbit performance.

Tﬁis_ work shows .that Randolph’s ingestion explanation does not adequately

account for the elevated discharge current measured at elevated facility backpressures.
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The Hall thruster discharge current oscillations, electron temperature, electron number
deﬁsity, ﬂoating potential, plasma potential, ion current density, ion energy distribution,
- ion species fraction, and performance over a range.of facility operating pressures above
and below Randolph’s suggesfed pressure of 1.0x107 Torr-Xé has been fully
characterized. The results show that Randolpﬂ;s criterion for plume measurements does
not hold. The variation of the facility backpressure did not lead to a clear technique to

correct the performance of the Hall thruster operating at elevated backpressure.

7.3 Prediction of Cluster Performance

The effect of clustering on plume performance is characterized as a function of
backpressure. Furthermore, the extent to which a monolifhic th’rustef’s performance and
plume are affected by an adjacent thruster are also characterized. The thrust is equal to
the sum of the MSt of the monolithic thrusters at the 5.25 mg/s anode flow rate. The
sum of the thrust of the monolithic thrusters results in an under pfediction of 5% of the
cluster thrust for the 10.46 mg/s anode flow rate.

The large flow rate present‘ during the cluster investigations allows
chargcterization of the effect of backpressure on the monolithic thruster elements at
pressures higher than those possible with the monolithic thruster. The backpressure
effects still appear to gradually increase with incfeasing backpressure. The investigation
shows that specifying a high-power Hall thruster cluster should not .cause integration
problems using the current design rules for integrating monolithic Hall thrusters onto
spacecraft.

The cluster spacing criterion based on magnetic field in the inner channel

appears to be adequate for performance measurements. Further verification of the

232




criterion requires measurement of the cluster performance for different separation
distances. It may also be possible to move the elements of the cluster closer together
without adversely affecting their performance.

One of the most critical components of Hall thruster integration is ensuring that
the beam does not'impinge on any of the spacecraft surfaces. The ion current density
measurements show that the outer half of the cluster plume is nearly identical to its plume
when operated alone. Thus, no incrc_:ase in thrustef element plume divergence angle is
expected when operating in the 'c_lus-ter configuration. This investigation shows the
changes in the floating poténtial, plasma potential, electron number density, and electron
temperature are small in comparison to the error in the measurements and the magnitude
of the values. 2

In addition, the measurements of ion energy per unit charge distribution do not
detect energetic ions in the plume of fhe cluster at angles greaier than those measured
with the monolithic thruster. Furthermore, ion species traces do not show a iarge number
of multiply-charged ions at any location in the plume. The alignment problems posed by
Configuration 2 make it difficult to compare the results of the ESA -and-ExB probe to
those of the monolithic thruster. A stf_ucture should be created to allow the diagnostics to
characterize the plume in Configuration 1. Unfortunately, the physical location of these

measurements does not allow us to veﬁfy Beal’s prediction techniques. -

7.4 Cathode Sharin‘g

To further understand the feasibility of clustering Hall thrusters on spacecraft, a
study of thruster centerline spacing and cathode-to-thruster separation distance is

performed. The study characterizes the operation of cluster thrusters for various




separation distances and cathode sharing configurations. This investigation has
established that the gas of one thruster element is not ingested into the adjacent thruster at

~Station 2 of the LVTF. It also shows that varying. the separation distance between the
thruster centerlines from 0.3 m (With the poles nearly touching) to 1.405 m causes no
negative effects on the performance of the individual thrusters.

Cluster elements can operate in several cathode sharing configurations over a
range of thruster centerline separation distances up to 1.97 m. When the cathode is not
immersed in thg magnet field of one of the thrusters, the magnit_udé of the cathode-fo-
ground increases by approximately 8 V. The increase stabilizes for cathode-to-thruster
centerline distances of 700 mm and greater. Furthermore, reliable restarts are verified for

_ cathode-to-thruster centerline distances of 1.3 m. This knowledge is of great importance

to spacecraft designers implementing electric propulsion systems.

7.5 Facility Design

Thé results of this work shed _light on future facility designs that can reduce
facility effects Witﬁout a significant increaée above current facility pumping speeds. The
results of Chapter 5 show‘ that changing the separation distance between the thruster
centerlines over from 0.3 to 2.0 m caused no change in the discharge current of the
thrusters. This means that un-ionized propellant emanating from each thruster is not
ingested by the adjacent thruster. Instead, the gas undergoes a free moiecular expansion
into the chamber.

On-orbit, no particle that leaves the thruster ever returns. Thus, the vacuum
facility must duplicate this fact as closely as pbssible to reduce facility effects. The

plume of a Hall thruster is composed of 3 distinct populations: beam ions, CEX ions, and




un-ionized neutral proipellant. We must consider each of the.se components when
designing'our pumping scheme to make optimum use of the facility-puinping speed.
Approximately 10% of the pumping surfaces should be placed in a concentric pattern
around the thruster to evacuate the un-ionized propellant and CEX ions in the immediate_
vicinity of the thruster. The remaining 90% of the pumping speed should be positioned
~ downstream of the thruster in protective-cryogenic halo baffles. The halo baffles serve as
a thermal barrier fdr the cryosurfaces and scatter beam ions .toward the pumping surface.
This split location pumping scheme duplicates the on-orbit enyiromnent — any particle
that leaves the thruster never returns. This creates a significant reduction in facility

effects without an enormous increasing in pumping speed.

7.6 Suggestidns for Futur(; Work
This dissertation has investigated many of the fundamental issues of facility
effects on Hall thruster performance and plume characteristics. In addition, the feasibility
of high-power Hall thruster clustering has been addressed. While many of the
fundamental questions have been answered, several new questions have been develqped. |
| The questioné that stem from each of the investigation areas are discussed below as well

as suggestéd approaches.

7.6.1 Validation of Numerical Tool

The cluster pressure map data provide an excellent test case to validate a 3-
dimensional numerical model of a Hall thruster expansion into a vacuum chamber.

Currently, Boyd is developing this type of model and these data should be compafed to




* the model results. The results of the model would allow us to investigate the possibility

of neutral propellant ingestion from one cluster element into the adjacent element.

7.6.2 Faraday Probe Design Recommendations

The following suggestions should be considered when selecting a Faraday probe
design. The collector should be spray-coated. with tungsten to reduce secondary electron
emission. The guard ring of the probe should be designed and positioned to ensure a flat,
uniform sheath over the collector surface. The CEX and elastically scattered ions present
at angles greater than 40° from thruster centerline must be actively filtered away from the

Faraday probe collector surface to reduce the effect of facility backpressure on the

measurements. Placing a magnetically—ﬁltér in front of the nude Faraday probe performs

this function well.

7.6.3 Energy Spectra and Species Fractions measurements in the Cluster Plume

Measurements of the ion energy distribution and sbecies fractions were
measured in cluster Conﬁguration 2. These; measurements did not allow ﬁs to make a
direct compari'sonAof plume properties with the monolithic Hall thruster operatihg alone.
A structure should be created to allow r_neasﬁreménts of the energy spectra and species
fractions in Configuration 1. These data would allow us to determine if the ion energy

distribution function and ion species fractions are affected by the adjacent thruster plume.

7.6.4 Validation of Cluster Performance Predictions

The cluster performance prediction technique must be validated for higher

power Hall thrusters. The next level of cluster investigation should be performed with a

cluster of large (~10 kW) Hall thrusters. To insure that the facility pressure effects are




negligible, the study should be performed in Vacuum Facility 5 at NASA GRC. A
systematic increase in cluster power and validation of the prediction methods at those
pbwers will insure that cluster technology will be at the level of maturity required to .
fulfill the Project Prometheus propulsion requirements.

Chapter 4 presented an argument that states that the increase in discharge
~ current amplitude and discharge current with backpressure is' caused by an increase in the
number of electron-neutral collisions ‘in the discharge chamber. These collisions then
enhance the electron mobility to the .anode. To validate this argument, further work

should be done to compare the classical diffusion to the Bohm diffusion.

7.6.5 Cluster Spacing

Cluster spacing should be further studied with a commércially available 2D
cluster of Hall thrusters to verify that the behavior is independent of thruster design and
power. The cluster elements should be small (< 1 kW) so that the experiments can be

performed at operating pressure lower than those encountered during the P5 cluster

experiments.
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