ABSTRACT

Development and Characterization of
High-Efficiency, High-Specific Impulse
Xenon Hall Thrusters

by

Richard Robert Hofer

Chair: Associate Professor Alec D. Gallimore

This dissertation presents research aimed at extending the efficient operation
of 1600 s specific impulse Hall thruster technology to the 2000-3000 s range. While
recent studies of commercially developed Hall thrusters demonstrated greater than
4000 s specific impulse, maximum efficiency occurred at less than 3000 s. It was
hypothesized that the efficiency maximum resulted as a consequence of modern
magnetic field designs, optimized for 1600 s, which were unsuitable at high-specific
impulse. Motivated by the industry efforts and mission studies, the aim of this
research was to develop and characterize xenon Hall thrusters capable of both high-
specific impulse and high-efficiency operation. The research divided into

development and characterization phases.

During the development phase, the laboratory-model NASA-173M Hall
thrusters were designed with plasma lens magnetic field topographies and their
performance and plasma characteristics were evaluated. Experiments with the

NASA-173M version 1 (vl) validated the plasma lens design by showing how



changing the magnetic field topography at high-specific impulse improved efficiency.
Experiments with the NASA-173M version 2 (v2) showed there was a minimum
current density and optimum magnetic field topography at which efficiency
monotonically increased with voltage. Between 300-1000 V, total specific impulse
and total efficiency of the NASA-173Mv2 operating at 10 mg/s ranged from 1600-
3400 s and 51-61%, respectively. Comparison of the thrusters showed that efficiency

can be optimized for specific impulse by varying the plasma lens design.

During the characterization phase, additional plasma properties of the
NASA-173Mv2 were measured and a performance model was derived accounting for
a multiply-charged, partially-ionized plasma. Results from the model based on
experimental data showed how efficient operation at high-specific impulse was
enabled through regulation of the electron current with the magnetic field. The
decrease of efficiency due to multiply-charged ions was minor. Efficiency was
largely determined by the current utilization, which suggested maximum Hall
thruster efficiency has yet to be reached. The electron Hall parameter was
approximately constant with voltage, decreasing from an average of 210 at 300 V to
an average of 160 between 400-900 V, which confirmed efficient operation can be

realized only over a limited range of Hall parameters.
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Part 1

Background



Chapter 1

Introduction

1.1 Problem statement

Most often regarded as a moderate specific impulse (1600 s) space propulsion
technology, the Hall effect thruster has benefited from considerable theoretical and
experimental research since the 1960’s [1-3]. Deriving from research on magnetrons
and other cross-field plasma sources, the first working devices were reported by
Americans beginning in 1962 [4-10],! but ultimately the technology was developed in
the former Soviet Union.2 Hall thrusters were first flown in space when the Russian
design bureau Fakel launched a pair of SPT-60 magnetic layer thrusters with the
Soviet Meteor satellite in December 1971 [18]. Since that pioneering flight, over one
hundred thrusters have flown on Earth orbiting spacecraft, primarily for station
keeping and orbit maintenance tasks [14, 15, 19-22]. In the early 1990’s, the

technology was exported to western countries as the Cold War between the Soviet

' In Chapter 3, the two major variants of the Hall thruster are discussed. These are the magnetic layer thruster (MLT)
and the anode layer thruster (TAL). The MLT is also called the stationary plasma thruster (SPT), but that convention
will be avoided to differentiate thrusters of this type from those marketed by Fakel (e.g., the SPT-100). The first
magnetic layer thruster experiments were reported in Ref. [4-6] and the first anode layer thruster experiments were
reported in Ref. [7, 8].

2 Although the first experiments were reported by Americans, in the late 1950’s and early 1960°s the ideas that would
lead to the Hall thruster were developed simultaneously in the United States and Soviet Union. At the end of 1963,
Hall thruster experiments began in the Soviet Union, which were, it seems fair to say, partly in response to the 1962
American experiments. This seems to be the case since the earliest Soviet journal articles on Hall thruster theory [11-
13] reference the American experiments [4, 5, 9, 10] and it has been reported that Fakel, the leading Soviet design
bureau, began work on magnetic layer thrusters in 1963 [14-16]. Regardless, the Soviets are properly credited for the
development efforts that led to the first spaceflights using Hall thrusters, which is an achievement that certainly
outweighs the early American ground experiments. Sometime around 1970, Americans abandoned Hall thrusters in
favor of the gridded ion thruster, partly because they were unable to achieve the efficiencies that had been
demonstrated by ion thrusters. Ironically, the Soviets pursued Hall thrusters in part because they were unsuccessful in
developing the grids necessary for ion thrusters [17].



Union and the United States ended [23]. After extensive investigations of Russian
Hall thruster technology in the west (mostly of Fakel’s 1.35 kW SPT-100) [21, 24-45],
several countries worldwide, most-prominently the United States and France, have
emerged with their own versions of the technology spanning the power range of 0.1
to 100 kW [46-59]. On October 23, 1998, a D-55 anode layer thruster built by the
Russian research institute TsNIIMASH was fired for the first time on-board the
STEX spacecraft and thus became the first use of Russian Hall thruster technology
on a western satellite [19, 40, 60, 61]. On September 28, 2003, the first Hall
thruster used for primary, interplanetary propulsion began as the European Space
Agency’s SMART-1 spacecraft started its journey to the moon using a 1.35 kW PPS-
1350 (a SPT-100 derivative) [51, 62]. Fakel’'s 0.66 kW SPT-70 and 1.35 kW SPT-100
continue to fly on Russian communication satellites [22]. Several companies in the
United States and France have integrated Hall thrusters on communication
satellites (or are in the process of doing so) with launches scheduled in the near
future [50, 51].

Ironically, development of the Hall thruster has been hindered in some ways
by its success as a flight technology. The notion of the Hall thruster as a 1600 s
specific impulse technology is so prevalent in today’s literature that it is accepted
practice to specify a thruster’s properties simply by referring to the rated thruster
power.3 However, there is no fundamental reason that Hall thrusters must operate
at 1600 s specific impulse. This range was probably arrived at for flight thrusters

because it optimized, at the time, thruster engineering issues and spacecraft mission

? While Fakel’s efforts have primarily been devoted to 1200-1600 s magnetic layer thrusters, as late as the 1980’s
TsNIIMASH was investigating 3000-8000 s anode layer thrusters for application to high-power, interplanetary
missions [63]. As it became clear that the promise of space-based nuclear power sources was never going to be
realized, TsNIIMASH began to focus on low-power, 1600-3000 s specific impulse anode layer thrusters. However, at
the time of this writing there have been no published results of a Hall thruster operating much above 1600 s specific
impulse in space.



requirements. The Russians were successful with this approach, finding the right
balance between the performance, stability, thermal and lifetime issues that an
efficient, simple, and robust technology emerged that was well suited for Earth
orbiting spacecraft.

Several trends in electric propulsion in general and Hall thruster technology
in particular are requiring that the traditional notions of the Hall thruster be re-
examined. These include, at least:

1. new materials and fabrication technologies that are improving

thruster designs,

2. computer simulations that are delving deeper into thruster physics,

3. the rapid rise in spacecraft power that is allowing more capable

thrusters to be deployed, and

4. new spacecraft missions requiring propulsion systems with larger

operating envelopes, longer lifetimes, and greater efficiencies [23, 49,
64-66].
The results of these trends are improvements to existing designs or expansion of the
operating envelope to greater specific impulse and/or power. While influenced by
all of these trends, this dissertation is concerned with the extension of Hall
thruster technology to a higher range of specific impulse.

Western interest in Russian Hall thruster technology developed in the 1990’s
because the specific impulse of flight hardware was between arcjets (less than 1000
s) and ion thrusters (greater than 3000 s) [1, 23]. After the SPT-100 met western
flight qualification standards in the mid-1990’s, interest in expanding the specific
impulse range quickly developed, mostly towards 3000 s, so that the Hall thruster

could more fully bridge the 1000-3000 s specific impulse gap. As discussed in



Chapter 2, these activities were motivated by studies indicating the substantial
mission benefits for Earth orbiting and interplanetary spacecraft if Hall thrusters
could operate at higher specific impulses.

In 1999, a focused research program to operate modern, xenon Hall thrusters
above 3000 s specific impulse was started and initially met with mixed results. As
discussed in Chapter 3, several thrusters were developed by industry and
performance tested through sponsorship by the NASA Glenn Research Center.
Specific impulse in excess of 3000 s was demonstrated at greater than 50%
efficiency. However, it was found that efficiency maximized at less than 3000 s.
This was a source of some concern since decreasing thruster efficiency may also
affect the thermal robustness, stability, and lifetime of high-specific impulse Hall
thrusters.

Although several engineering issues likely contributed, the research
presented in this dissertation was based on the hypothesis that the
efficiency maximum resulted as a consequence of modern magnetic field
designs, which have been optimized for 1600 s specific impulse, that were
unsuited for high-specific impulse operation. Motivated by the limited
success of these industry efforts, a central theme of this research concerns
the effects of magnetic field topography on Hall thruster efficiency at high-
specific impulse.

Combined with the mission studies, this hypothesis was the basis for the
development of a new series of Hall thrusters designed to extend the efficient
operating range of 1600 s specific impulse Hall thruster technology to the 2000-3000

s range of specific impulse.



1.2 Research aim and contributions

The central aim of the research described here was to develop and
characterize xenon Hall thrusters capable of both high-specific impulse
and high-efficiency operation. The research was divided into development and
characterization phases.

During the development phase, the laboratory-model NASA-173M Hall
thrusters were designed incorporating plasma lens magnetic field topographies and
evaluated in terms of their performance and plasma characteristics. Experiments
with the first thruster, the NASA-173M version 1 (vl), validated the plasma lens
design by showing how changing the magnetic field topography at high-specific
impulse improved efficiency. The follow-on thruster, the NASA-173M version 2 (v2),
incorporated design improvements suggested by its predecessor. Experiments with
the NASA-173Mv2 showed there was a minimum current density and optimum
magnetic field topography at which efficiency monotonically increased with voltage.
Between 300-1000 V and an anode mass flow rate of 10 mg/s, the total specific
impulse of the NASA-173Mv2 ranged from 1600-3400 s with a corresponding total
efficiency of 51-61%. Thus, the NASA-173Mv2, by virtue of its improvements,
achieved both high-efficiency and high-specific impulse operation. Performance
comparisons between the thrusters also demonstrated that efficiency could be
optimized for specific impulse by varying the plasma lens design.

During the characterization phase, a series of plasma diagnostics were
deployed with the NASA-173Mv2 to improve the understanding of the competing
mechanisms affecting performance at high-specific impulse. The NASA-173Mv2 was
chosen for these studies since this thruster had demonstrated high-efficiency

operation at high-specific impulse. To aid in the interpretation of experimental



data, a phenomenological Hall thruster performance model accounting for the effects
of a multiply-charged, partially-ionized plasma was also derived as a function of the
utilization efficiencies of current, mass, voltage, and charge.

Using experimental data as inputs, the performance model was used to
compute the utilization efficiencies of the NASA-173Mv2. With increasing discharge
voltage, the net decrease of the anode efficiency due to the increasing fraction of
multiply-charged ions was shown to be minor. The electron current was also shown
to be approximately constant with increasing discharge voltage, while the ion
current increased due to the increased fraction of multiply-charged ions. The results
of this analysis confirmed how efficient operation at high-specific impulse was
enabled through regulation of the electron current with the magnetic field. Further
analysis revealed that anode efficiency was largely determined by the current
utilization efficiency, which suggested that the maximum efficiency of Hall thrusters
has yet to be reached. Finally, it was shown that the electron Hall parameter was
nearly constant with voltage, which confirmed that efficient operation can be

realized only over a limited range of Hall parameters.

1.3 Organization

This dissertation is organized into three major parts: background, thruster
development, and thruster characterization.

Chapters 2-5 discuss the background information that motivated this
research and lays the foundation for understanding the thruster development and
characterization efforts. In Chapter 2, the mission studies motivating the
development of high-specific impulse Hall thrusters are reviewed. Chapter 3

discusses the basic operating principles of Hall thrusters and shows how controlling



the electron current is critical to maintaining efficiency. Recent studies of Hall
thrusters are then reviewed that have shown maximum efficiency occurred at less
than 3000 s specific impulse. Combined with the mission studies, the results from
these studies led directly to the development of the NASA-173M Hall thrusters. In
Chapter 4, a phenomenological Hall thruster performance model that allows for a
multiply-charged, partially-ionized plasma is derived. It is shown how the model
can be used to weigh the relative importance of electron current and multiply-
charged ions on performance. In Chapter 5, magnetic circuits and plasma lens
focusing are discussed. Some early experiments that attempted to improve the
focusing of a Hall thruster are presented. These experiments provided the insight
necessary to design a high-specific impulse Hall thruster.

Chapters 6-9 discuss the development phase of the NASA-173M Hall
thrusters. Chapter 6 describes the vacuum facilities and diagnostics that were used
during the development phase experiments. Chapter 7 discusses the development of
the NASA-173Mv1l. Chapter 8 discusses the development of the NASA-173Mv2 and
it 1s shown how the NASA-173Mv2 achieved the intended goal of high-efficiency,
high-specific impulse operation. In Chapter 9, the performance characteristics of the
two thrusters are compared.

Chapters 10-12 discuss the characterization phase of the plasma properties of
the NASA-173Mv2. Chapter 10 describes the vacuum facilities and diagnostics that
were used during the characterization phase experiments. In Chapter 11, the
results of experiments that measured discharge chamber and far-field plasma
properties are described. In Chapter 12, the results from the NASA-173Mv2 plasma
characterization are analyzed and the performance model derived in Chapter 4 is

used to compute the utilization efficiencies of the NASA-173Mv2.



Finally, in Chapter 13, the major conclusions from this dissertation are
summarized and suggestions concerning the future development of high-specific

impulse Hall thrusters are proposed.



Chapter 2

The need for high-specific impulse Hall

thrusters

The high-specific impulse Hall thruster yields benefits to a number of Earth
orbital and interplanetary missions that other electric propulsion technologies do not
provide. To show why this is the case, this chapter begins by reviewing the
performance of space propulsion systems, discusses the different types of electric
propulsion, and demonstrates how the optimum specific impulse for a mission is not
solely governed by the rocket equation. The second half of this chapter reviews
studies showing how mission benefits such as greater payloads, launch vehicle step
downs, reduced trip times, or lower required power are demonstrating a need for

high-specific impulse Hall thrusters.

2.1 Performance of space propulsion systems

A space propulsion system (i.e., any rocket, be it chemical, electric, or
otherwise) accelerates a spacecraft by applying a thrust force, usually through the
expulsion of propellant mass at high velocity [67]. Consider the one-dimensional
flight of a rocket-propelled spacecraft as a function of time ¢ with mass M(t) and
velocity U(t) in the absence of gravitational forces. From conservation of

momentum, the acceleration of the spacecraft results from the application of the
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thrust 7, given by the product of the mass flow rate m and effective exit velocity c

(relative to the rocket) of the propellant

M(t)%U(t) =T =mec. (2-1)

The effective exit velocity accounts for any unbalanced pressure forces and the non-
uniform distribution of exhaust velocities over the exit cross-section of the rocket.
The expulsion of propellant by the rocket reduces the mass of the spacecraft

over time. If the mass flow rate of propellant is constant, the spacecraft mass is

M@t)y=M,-mt, (2-2)
where M, is the initial mass of the spacecraft. Differentiating Eqn. 2-2 and then
substituting into Eqn. 2-1 yields the differential equation

;U __aM

av __aM . 23
dt dtC (2-3)

Canceling the time differentials and integrating over some initial to final spacecraft

velocity and mass

My
dU:—cI
M

o

am

ﬂ ’ (2'4)

QQ ._,\Q

an expression for the ratio of final to initial vehicle mass is obtained as a function of

the velocity increment AU and effective exit velocity

—L—e e, (2-5)
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Eqgn. 2-5 was first derived by Konstantin Tsiolkovskii in 1895 [68]. Also
known as the rocket equation, Eqn. 2-5 illustrates the impact of exhaust velocity on
the mass ratio of a spacecraft. In the authoritative words of ion propulsion pioneer
Ernst Stuhlinger, the rocket equation “has been ever since the basis of all theoretical
work on rocket propulsion [68].” The rocket equation implies that exhaust velocity
should be on the order of the velocity increment to deliver a useful mass fraction at
the destination. Exhaust velocity is often used as a first-order criterion in space
vehicle design. However, as shown in section 2.3, other competing criteria can
diminish the importance of exhaust velocity such that the technology with the
highest exhaust velocity is not always the optimum choice for a particular mission.

Before considering those situations, a few more definitions are needed. The

total impulse delivered to a spacecraft is the thrust integrated over time

~

1 =dez. (2-6)

Total impulse has units of Newton-seconds (N-s) and is often used to report rocket
lifetime. For example, the lifetime of a rocket with a total impulse capability of
3%x10% N's and a constant thrust of 83 mN would be about 10,000 hours.

The specific impulse is the total impulse per unit weight of propellant given

[Ta
I, =——, (2-7)
g.[m dt
0
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where the weight of the propellant is defined by the sea-level acceleration of gravity
on Earth (g = 9.80665 m/s?) [67]. Specific impulse has units of seconds, but is really
force per unit weight flow rate, that is, specific impulse is a measure of how
effectively propellant is converted into useful thrust. If the thrust and mass flow

rate are constant over the thrust time, specific impulse reduces to

Tjdt -
I,=—0 - -*_% (2-8)
ng.dt gm w8
0

Specific impulse (in seconds) is then roughly one-tenth of the effective exit velocity
(in m/s). The two quantities can be used interchangeably in the rocket equation
(Eqn. 2-5) via Eqn. 2-8. However, specific impulse should not be interpreted as the
exit velocity divided by some (seemingly) arbitrary constant. Unfortunately, Eqn.
2-8 has led some investigators, usually in the absence of reliable thrust
measurements, to report specific impulse from measurements of the propellant ion
velocity alone. This can significantly overestimate specific impulse if the rocket
produces only a very small amount of ions from the propellant or if the ions
significantly diverge from the thrust axis. Therefore, using the ion velocity to
estimate specific impulse should be avoided.

Besides producing thrust, a rocket can also be thought of as an energy
converter, since producing thrust requires the conversion of a source of potential
energy to kinetic energy. For example, in a chemical rocket potential energy stored
in molecular bonds is released to heat propellant gas and converted to kinetic energy
by accelerating the gas through a nozzle. In electric propulsion, the potential energy

1s provided by an external power source. Some fraction of the input power from this
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external source is converted into the axially directed kinetic power of the exhaust, or

jet power, given by

_Ler = Lre. (2-9)
2 2

Jjet

Due to the second law of thermodynamics, the efficiency of producing the jet power
i1s less than perfect. To characterize the losses of the conversion, the total system
efficiency (of the power source and thruster) is defined as the ratio of the jet power to

the system input power provided by the spacecraft bus

nsys = = = gIsp -5 (2-10)

Eqn. 2-10 shows that the performance of a space propulsion system can be described
by specifying the system efficiency, system input power, specific impulse, and thrust.
These quantities are collectively referred to as the system performance

parameters.

2.2 Electric propulsion

Hall thrusters belong to a larger family of propulsion technologies that are
collectively known as electric propulsion. Jahn defined electric propulsion as “the
acceleration of gases for propulsion by electrical heating and/or by electric and
magnetic body forces [69].” Unlike a chemical rocket, which relies on the stored
internal energy in the molecular bonds of its propellant, in an electric rocket the
energy is obtained from an external power source. This is the main advantage of
electric over chemical propulsion, since the amount of energy that can be externally
applied is limited only by available technology. In a chemical rocket, the dependence

on internal energy limits the maximum specific impulse to about 450 s, whereas in
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electric rockets specific impulses of over 17,000 s have been obtained in the
laboratory [70, 71].4

Since external power sources are required, the high-specific impulse
capabilities of electric propulsion come at the expense of power and mass. This
limited the application of electric propulsion on-board spacecraft until the 1980’s as
spacecraft power finally began to increase to meet the growing needs of
communication satellites [72].> The so-called “power supply penalty” [69] places a
premium on maximizing the specific power (in W/kg) of power supplies used for
electric propulsion systems. Other design constraints, such as launch vehicle
selection, mission time, and payload further complicate the situation. As shown in
section 2.3, the result is that the highest attainable specific impulse is not always
the optimum choice.

The different electric propulsion technologies were first categorized by
Stuhlinger [68] and Jahn [69]. Adopting the definitions of Jahn [69], the thruster
categories are:

1. Electrothermal propulsion: acceleration of a propellant gas by
electrical heat addition and expansion through a convergent/divergent
nozzle. Examples include resistojets and arcjets.

2. Electrostatic propulsion: acceleration of an ionized propellant gas
by the application of electric fields. Examples include gridded ion
thrusters, colloid thrusters, and field emission electric propulsion

(FEEP).

4 Current flight hardware operates around 330 s for hydrazine chemical rockets, 500 s for arcjets, 1600 s for Hall
thrusters, and 3000 s for gridded ion thrusters [67].
> One is left to wonder what Dire Straits the field of electric propulsion would be in otherwise [73].
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3. Electromagnetic propulsion: acceleration of an ionized propellant
gas by the application of both electric and magnetic fields. Examples
include Hall thrusters, pulsed plasma thrusters (PPT), and
magnetoplasmadynamic thrusters (MPDT).

Descriptions of the thruster types, flight programs, and development trends
can be found in Ref. [69, 70, 74-76] and the September-October 1998 issue of the
ATAA Journal of Propulsion and Power (Vol. 14, No. 6). The mission studies
discussed in section 2.4 primarily compare the merits of using electrostatic ion
thrusters versus electromagnetic Hall thrusters. The characteristics of Hall and ion
thrusters make them well suited for a number of energetic Earth orbital and
interplanetary missions of interest for commercial, military, and space science
applications.

In the ion thruster, propellant is usually ionized in a discharge chamber
through bombardment with magnetically confined electrons [77, 78]. A set of biased
grids on one side of the discharge chamber extracts and electrostatically accelerates
ions. Because electrons are excluded from the gap between the grids, the beam
current is space-charge limited. As a result, ion thrusters have relatively low thrust
densities. However, the specific impulse, efficiency, and lifetime are high with
values greater than 3000 s, 60%, and 10,000 h, respectively, being common.

Hall thrusters, which are discussed in more detail in Chapter 3, ionize and
accelerate propellant in a quasineutral plasma without the use of a dedicated
ionization chamber and accelerating grids [1-3]. Instead, an annular discharge
chamber with crossed electric and magnetic fields trap electrons in an azimuthal
ExB drift. The trapped electrons ionize the propellant and, in order to maintain

current continuity, a sharp rise in the electric field is forced to occur that accelerates
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the ions (which are unaffected by the magnetic field due to their greater mass). Hall
thrusters are sometimes called “gridless” for this reason, but the implied association
with ion thrusters is misleading since the basic operating principles of a Hall
thruster, the use of magnetic fields for ionization and acceleration, leads to a
substantially different physical situation. Hall thrusters accelerate ions in a
quasineutral plasma such that current density (i.e., thrust density) is limited only by
material and thermal limitations. Hall thrusters achieve thrust densities on the
order of 1.0 mN/em? compared to about 0.1 mN/cm? for ion thrusters. Compared to
ion thrusters, Hall thrusters also have higher specific power because they require
fewer power supplies, have a lower part count, and less stringent voltage isolation
requirements.® However, the specific impulse, efficiency, and lifetime (typically
1600 s, 50%, and 7000 h, respectively) are usually lower for Hall thrusters.

In summary, when compared to a Hall thruster of equivalent power an ion
thruster will be more massive (because of lower specific power), physically larger
(because of lower thrust density), and produce less thrust (because higher specific
impulse means a lower thrust-to-power ratio ) but will have higher specific impulse,
efficiency, and lifetime. The benefits of higher specific power and thrust-to-power

ratio can be advantageous for missions in certain situations.

2.3 Optimum flight performance

Since all thruster technologies presumably benefit from the same pool of
power technology, specific power mainly depends on the relative complexity of the

propulsion system’s power handling requirements. Specific power can be modeled as

6 Specific powers on the order of 50-200 W/kg are possible and are expected to increase because of near-term
technology advancements [67]. However, specific power is highly dependent on the available technology, the relative
development of a thruster, and the mission. Both Hall and ion thrusters draw from the same technology pool so
advances are almost equally applied. The end result is that Hall thrusters generally have a higher specific power than
ion thrusters.
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a=—= (2-11)

where Mpp 1s the mass of the power plant, the thruster, and all other equipment to
supply power and propellant to the thruster (e.g., a power processing unit, cabling,

propellant tank, gimbals, etc.). The initial mass of the spacecraft is

M,=M,+M,+M,,, (2-12)

where M, is the propellant mass and My is the payload mass. (As defined, the
payload mass includes the dry mass of the spacecraft except for the power plant.) If
the system efficiency and mass flow rate are constant over a thrusting time #, that

consumes the propellant mass M,, Eqn. 2-11 can be expressed as

P M, (2-13)
= (.. = -
sys pp 2tp77$ys
Combining Eqns. 2-5, 2-11, 2-12, and 2-13 the payload mass fraction is
M ’
_pl — e*AU/C _ 1 _ e*AU/c i 2_14
M, ( v, )’ (2-14)

where a characteristic speed v, has been defined as [79]

v, =4/2at,n,, - (2-15)

Note that the characteristic speed depends only on the mission time for a given

thruster (since the thruster choice sets the specific power and efficiency).” If the

7 Mission time is left unspecified in this example. However, note that long mission times have penalties in terms of
higher costs (to maintain mission operations) and the possiblity of failure (the longer the mission, the more likely
something will break).
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payload ratio is specified, solutions to Eqn. 2-14 exhibit a single maxima represented

by the line [67]

-l 1) l(v_cj 1y, (2-16)

Figure 2-1 plots solutions to Eqns. 2-14 and 2-16 when the velocity increment
and effective exit velocity are normalized by the characteristic speed in Eqn. 2-15.
For a given payload fraction and characteristic speed, there is always an optimum
choice of the effective exit velocity (i.e., the specific impulse) that maximizes the

velocity increment. In this example, the optimum occurs in the range AU/v, < 0.805
and 0.505 < c/v, < 1.0 [67]. The optimum exists because the mass of the power

plant grows with exit velocity but the propellant mass decreases. The optimum in
Figure 2-1 is also rather broad, so small decreases to the payload fraction can be
traded for specific impulse at a fixed velocity increment. This example problem is
actually under constrained (the mission time and payload fraction are free
parameters), but still demonstrates how space mission design utilizing electric
propulsion goes far beyond the simple implications of the rocket equation. More

advanced analysis of space mission optimization can be found in the literature [80].
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Figure 2-1 Normalized velocity increment versus normalized effective exit

velocity as a function of the payload mass fraction. The line of
optimum solutions from Eqn. 2-16 is also shown.

2.4 Mission studies

The previous section showed that specific impulse i1s a necessary, but not
sufficient criterion for choosing a thruster technology. In this section, studies are
reviewed that have demonstrated how high-specific impulse Hall thrusters can
provide substantial benefits to Earth orbital and interplanetary missions.

In general, electric propulsion used on Earth orbiting satellites can provide a
cost benefit, typically by delivering more payload or by allowing for a launch vehicle
step down, when chemical propulsion systems used for station keeping and orbit
transfers are replaced or augmented [23, 72, 75, 81-92]. For example, studies of low
earth orbit (LEO) constellation missions by Oleson [83] have shown that the use of
1600 s Hall thrusters or 2500 s ion thrusters for beginning-of-life orbit transfer and

end-of-life de-orbit decreased the required number of launch vehicles from fourteen
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for an all-chemical spacecraft to eleven. Geosynchronous earth orbit (GEO)
communications satellite mission studies by Oleson, et al. [72] have also shown that
the use of 1600 s Hall thrusters or 2500 s ion thrusters provided a 13% increase in
payload mass if used only for north-south station keeping and as much as a 20-45%
if used for portions of beginning-of-life orbit transfers .

In either Ref. [83] or [72], 2500 s ion thrusters marginally outperformed 1600
s Hall thrusters, if at all. When the specific impulse of the Hall thruster is increased
to the domain of the ion thruster, the performance improvements can be substantial
[23, 82, 84-86]. For example, a study by Gulczinski and Spores [82] of trip time
constrained orbit transfer missions showed significant benefits when high-specific
impulse Hall thrusters were used. Results of one case from Ref. [82] are shown in
Figure 2-2, Figure 2-3, and Figure 2-4 for LEO-GEO orbit transfers with trip times
of 180, 270, and 360 days, respectively. In Figure 2-2, 180 day trips with 2500 s Hall
thrusters delivered 38% higher payload mass fractions (0.33 versus 0.24) than 3200
s ion thrusters. When the trip time was relaxed to 360 days (Figure 2-4), the same
Hall thrusters delivered payload fractions of 0.49 and ion thrusters delivered 0.47.
In other words, only when trip times were relaxed could the lower specific power and
high-specific impulse of the ion thruster match the high-specific power and lower
specific impulse of the Hall thruster. Since it is usually the case that the trip time
must be minimized (the satellite is not useful until it reaches GEO), high-specific

impulse Hall thrusters outperform ion thrusters for these missions.
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Figure 2-2 Payload mass fraction versus specific impulse (180 day trip time) for
the LEO-to-GEO orbit transfer mission in Ref. [82].
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Figure 2-3 Payload mass fraction versus specific impulse (270 day trip time) for
the LEO-to-GEO orbit transfer mission in Ref. [82].
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Figure 2-4 Payload mass fraction versus specific impulse (360 day trip time) for
the LEO-to-GEO orbit transfer mission in Ref. [82].

Ref. [82] considered fixed orbit transfer trip times but allowed the power level
to vary. In contrast, Oleson [84] studied missions with fixed power levels and
variable trip times for Hall thruster specific impulses of 1800 or 2400 s relative to
3000 s ion thrusters. Oleson’s results [84], which were essentially the same as Ref.
[82], showed that the higher specific power of the Hall thruster operating at high-
specific impulse always outperformed the ion thruster, with the more significant
gains again being for shorter trip times. For trip times greater than 60 days, launch
vehicle step downs were possible for either Hall or ion thrusters.

Additional benefits can be realized if Hall and ion thrusters are designed for
variable specific impulse (VIPS) operation [86, 87]. Sometimes referred to as bi-
modal or multi-mode operation, VIPS usually describes constant power operation for

at least two different specific impulses. The first set point is a low-specific impulse
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(1000-2000 s), high-thrust mode suitable for rapid orbit transfers. The second set
point is a high-specific impulse (3000-4000 s), low thrust mode suitable for station
keeping and interplanetary maneuvers. Oleson [86] considered LEO-to-GEO orbit
insertion and station keeping, LEO-to-GEO reusable tug missions, and an
interplanetary mission for a Europa orbiter. For both LEO-to-GEO missions, Hall
thrusters slightly outperformed the ion thruster and for the Europa orbiter both
technologies showed similar results. To achieve VIPS operation a need was
identified with both technologies to overcome lifetime issues. In the case of the ion
thruster, operation as low as 1800 s was required, where space-charge limitations
are known to enhance grid erosion due to beamlet defocusing [1, 77, 93]. For the
Hall thruster, operation above 3000 s was needed, where the higher energy of the
ions can enhance discharge chamber wall erosion [2].

The competitiveness of the Hall thruster in Ref. [86] for interplanetary
missions defies the popular belief that ion thrusters optimize for these mission
types. Other interplanetary mission studies that have considered Hall thrusters
have shown similar or additional benefits [93-97]. In a concept for piloted Mars
missions using solar power alone, Gefert, et al. [96] and later Dudzinski, et al. [94]
specified 2000-2500 s Hall thrusters primarily because the required power of 0.8
MW was much less than the 4-8 MW needed with 4000-7000 s ion thrusters. Fiehler
and Oleson [95], using performance data derived from the NASA-173Mv2 Hall
thruster (see Chapter 8), considered scenarios for a Mars orbiter. While delivering
nearly equivalent payloads for the same trip times, it was concluded that 3200 s
Hall thrusters outperformed 4000 s ion thrusters because the required power was

lower for the Hall thruster system. These benefits were realized because the higher
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specific power of the Hall thruster reduced the system mass, allowing equivalent

payload mass to be delivered at lower power levels.

2.5 Conclusions

When choosing an electric propulsion technology for a space mission, the
ratio of the mission velocity increment and specific impulse is a useful means to
down select initially from available thrusters. Other considerations, especially
specific power, must be factored in to the analysis in order to maximize mission
performance. Several studies of Earth orbital and interplanetary scenarios have
shown that increasing the specific impulse of Hall thrusters to 2000-3000 s can yield
benefits that its closest competitor, the ion thruster, cannot match. These benefits
have included greater payloads, launch vehicle step downs, reduced trip times, or
lower required power. Since the realization of these benefits depends on high-
specific impulse Hall thrusters, a clear need exists to explore the development

challenges of such technology enhancements.
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Chapter 3

The high-specific impulse Hall thruster

Studies have demonstrated the mission benefits of high-specific impulse Hall
thrusters. This chapter discusses the basic operating principles of Hall thrusters
and shows how controlling the electron current is critical to maintaining efficiency.
Next, the development history of high-specific impulse Hall thrusters is reviewed
with an emphasis on the investigations that have motivated this dissertation. These
recent investigations have demonstrated 4000 s specific impulse with modern Hall
thrusters, but it was found that maximum efficiency occurred at less than 3000 s.
The research presented in this dissertation was based on the hypothesis that the
efficiency peak was a consequence of modern magnetic field designs, which have
been optimized for 1600 s specific impulse, that were unsuited for high-specific
impulse operation. Combined with the mission studies, this hypothesis was the
basis for the development of a new series of Hall thrusters designed specifically for

high-efficiency, high-specific impulse operation.

3.1 Hall thruster operating principles

This section describes how coaxial Hall thrusters are constructed and
provides an overview of their basic operating principles most relevant to high-
specific impulse operation. In Chapter 4, a Hall thruster performance model is

discussed and Chapter 5 describes how magnetic fields affect thruster operation.
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Additional details concerning Hall thruster physics can be found in the literature [1-

3, 98, 99].

3.1.1 Physical description

Figure 3-1 is a schematic of a single-stage Hall thruster with a coaxial,
ceramic discharge chamber, also known as a magnetic layer thruster (MLT) or as a
stationary plasma thruster (SPT). Figure 3-2 is a schematic of a two-stage anode
layer thruster (TAL), which is a Hall thruster that uses a metallic discharge
chamber separated into an ionization and acceleration stage by an intermediate
electrode. There will be more to say about two-stage thrusters in general and anode
layer thrusters in particular later in this chapter. However, unless noted the focus
throughout is on single-stage magnetic layer thrusters. Photographs of the two
thruster types are shown in Figure 3-3 and Figure 3-4, respectively. Geometries
other than the coaxial discharge chamber, such as linear [100-102], cylindrical [103-
105], or racetrack [46, 57] configurations, are not considered here.

Hall thrusters are usually constructed from four major components:
discharge chamber, anode, cathode, and magnetic circuit. As shown in Figure 3-1,
the ceramic walls of the discharge chamber house an anode through which a neutral
propellant gas is injected. The ratio of the discharge chamber axial length to radial
width is usually greater than one.® The walls are typically made from boron nitride
(BN) or are mixed with silicon dioxide (SiO2) into a compound called borosil (BN-
S102). There have been attempts to use other materials such as alumina (Al2Os) or
silicon carbide (SiC) [109-117]. Although these materials may exhibit lower erosion

under ion bombardment than boron nitride, their secondary electron emission

¥ In an anode layer thruster, the discharge chamber is usually much shorter, with a length to width ratio of less than one.
However, to insure uniform propellant distribution and to enhance stability in the shorter discharge chamber, the anode
is typically hollow and long [99, 106-108].
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characteristics result in enhanced electron transport that lowers thruster efficiency

[109].
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Figure 3-1 Cross-sectional schematic of a single-stage magnetic layer Hall
thruster with a coaxial, ceramic discharge chamber (not to scale).
Electrons (e) from the cathode are trapped in an azimuthal drift by
the electric (E) and magnetic fields (B). Neutral (n) propellant gas is
injected through the anode into the discharge chamber, where
collisions with electrons create ions (i) that are accelerated by the
electric field producing thrust.

In a single-stage thruster, the anode acts both as the positive electrode for

the applied voltage Vi and the gas distributor for the propellant gas, which is

typically xenon (krypton is currently being considered for high-power thrusters [48,
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112, 118-120]).° The anode is fabricated to ensure that the azimuthal distribution of
neutral propellant gas is uniform. This is usually accomplished through a series of
equally spaced injection ports around the circumference of the anode [123-125].
Some designs, usually sub-kilowatt models [126], separate the anode and gas
distributor into separate components.

In a two-stage thruster, an intermediate electrode separates the ionization
and acceleration stages. In the ionization stage the applied potential, usually
dubbed the discharge voltage, is typically five to ten times the ionization potential of
the propellant [106]. The applied potential in the acceleration stage, usually dubbed
the acceleration-stage voltage, accelerates ions created in the ionization stage. (Note
that the applied voltage in a single-stage thruster, which is used for both ionization
and acceleration, is always referred to as the discharge voltage.) A two-stage
thruster potentially offers performance benefits over a single-stage thruster,
primarily by improving the ionization efficiency. However, these benefits come at
the expense of complexity due to the additional electrode. In a magnetic layer
thruster, it turns out that the benefits of a two-stage design only begin to outweigh
the drawbacks when the acceleration potential is on the order of several kilovolts.
This is mainly because sub-kilovolt magnetic layer thrusters, when properly
designed, efficiently ionize the propellant without the encumbrances of an ionization
stage. In an anode layer thruster, the electron temperature is higher than in a
magnetic layer thruster (see section 3.1.3.3). This means that, in order to maintain
thruster efficiency, the two-stage approach in an anode layer thruster becomes

necessary at lower voltages than in the magnetic layer thruster. The cross-over

° Hall thrusters have been operated on a multitude of propellants, including at least: all of the noble gases, hydrogen,
helium, lithium, nitrogen, oxygen, sodium, potassium, cesium, bismuth, lead, cadmium, thallium, barium, mercury,
methane, and silane (SiHy) [63, 98, 99, 106, 121, 122].
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depends on several variables, but is apparently in the range of 500-800 V (less than

3000 s specific impulse) [127].
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Cross-sectional schematic of a two-stage anode layer Hall thruster
with a coaxial, metallic discharge chamber (not to scale). The
discharge voltage (Va) is applied between the hollow anode and
intermediate electrode, creating the ionization stage. The
acceleration-stage voltage (Vacc) is applied between the intermediate
electrode and the cathode, creating the acceleration stage. The
thruster body is usually maintained at cathode potential.

The cathode supplies electrons to the discharge for ionization and to the

plume for neutralization of the ion exhaust. While emitting filaments are sometimes

used, an orificed hollow cathode is the electron source of choice. In a hollow cathode,

additional propellant gas is passed over a thermionic emitter, such as lanthanum

hexaboride (LaBs) or porous tungsten impregnated with oxides (e.g., barium oxide
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(Ba0O)), which when heated emits electrons and initiates a plasma breakdown via
electron-neutral collisions [128, 129]. Electrons are extracted through a small orifice
using a positively biased electrode called a keeper. Modern cathodes are usually
capable of heaterless and keeperless operation after the initial plasma breakdown
occurs. Cathodes are usually mounted outside the thruster as shown in Figure 3-4,
but can also be mounted on thruster centerline if the inner core is hollow. Such an
approach is used with the NASA-457M shown in Figure 3-3 (the cathode is not

shown in the photograph).

Figure 3-3 Photograph of the NASA Glenn Research Center series of magnetic
layer thrusters. From left to right are the 2 kW NASA-120Mv2, 5 kW
NASA-173Mv2 [130], and 50 kW NASA-457M [47, 131].

The magnetic circuit supplies the magnetic field that confines the plasma in
the discharge chamber and acts as the support structure for the other thruster
components. Several configurations are possible, but the basic design is composed of
a collection of electromagnetic coils used to generate the magnetic flux and magnetic
pole pieces used to channel the magnetic flux into the discharge chamber. The

configuration shown in Figure 3-1 employs concentric inner and outer coil windings.
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The more traditional design, (e.g., the D-80 shown in Figure 3-4) uses individual coil
windings for the outer portion of the circuit. Magnetic circuits are discussed more in

Chapter 5.

Figure 3-4 Photograph of a Hall thruster with a metallic discharge chamber,
also known as an anode layer thruster. The thruster shown is the
TsNIIMASH D-80, which is capable of single- and two-stage operation
[132, 133].

3.1.2 Basic theory of operation

As depicted in Figure 3-1, Hall thrusters are cross-field plasma sources in
which an axial electric field E: and a radial magnetic field B, are used to confine
electrons and accelerate ions [1-3, 98, 99].10 Electrons migrating upstream from the
negatively-biased cathode towards the positively-biased anode encounter the radial
magnetic field. For purposes of stability, the axial gradient of the applied radial

magnetic field V_B, is positive along the discharge chamber, with the minimum

magnetic field at the anode and the maximum near the exit plane (see section 5.2.2)

[134]. The magnitude of the magnetic field near the exit plane is sufficient to

1% There are significant off-axis deviations of the electric and magnetic fields from these orientations. Chapter 5
discusses how magnetic fields can be shaped to improve Hall thruster performance by using radial and axial magnetic
fields to form a plasma lens.
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magnetize electrons and the cross-field configuration forces electrons to execute
closed, azimuthal ExB drifts, forming a Hall current.!! Thus, the axial electron
mobility is severely restricted, which increases the electron residence time in the
channel so that electrons can be effectively used to ionize neutral propellant injected
through the anode. The restriction of the axial electron mobility is also responsible
for establishing the self-consistent electric field, which must sharply rise in the
region of maximum magnetic field intensity in order to maintain current continuity.
This means then that the electric field profile can be approximated from the
magnetic field profile. The portion of the discharge chamber where the electron ExB
drift is greatest is referred to here as the closed-drift region.

Due to their much greater mass, ions are unimpeded by the magnetic field
but are accelerated by the electric field to produce thrust. The mixture of electrons
and ions in the closed-drift region means that the plasma is electrically neutral, and
as such, the ion current density is not space-charge limited as in an ion thruster.

The conditions in the closed-drift region therefore satisfy

n, =n,, (3-1)
R, << L << R,, (3-2)
Q, <<1<<Q,, (3-3)

where R. 1s the electron gyroradius based on the electron thermal velocity

v kT

" The azimuthal Hall current is where the thruster derives its most common name. Hall thrusters with annular
discharge chambers are also sometimes called closed-drift thrusters, to distinguish them from linear configurations
where the electron drifts are open [100-102].
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Ry is the ion gyroradius based on the ion drift velocity gained from electrostatic

acceleration (see section 4.3.3)

) _ [eevi m,
R (#2)

Q is the Hall parameter, given by ratio of the cyclotron frequency @. and the collision

frequency v

Q=2 (3-6)
1%

and L 1s a length scale characteristic of the closed-drift region. The length scale is

usually taken as the length of the acceleration region L ~ L_, i.e., the portion of the

discharge chamber over which the electric field is positive and large.

The Hall parameter characterizes the number of azimuthal orbits that a
particle executes before being perturbed by particle collisions, collisions with the
walls, or plasma fluctuations. The high value of the electron Hall parameter, being
much greater than unity but not infinite, means that electrons undergo enough
ionizing collisions on their way to the anode to sustain the plasma discharge while
still maintaining a bulk azimuthal current that is several times larger than the axial
current. Therefore, it is reasonable to expect that efficient Hall thruster
operation can only be realized over a limited range of electron Hall
parameters. By extension, this also implies that there always exists an optimum
magnetic field strength. This has been confirmed by experiments, which have
shown that the electron Hall parameter attains a value of several hundred in the
closed-drift region [2, 135, 136] when the magnetic field strength is optimized for

maximum thruster efficiency. Outside of the closed-drift region, wall collisions and
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plasma turbulence can drive the electron Hall parameter to the Bohm value (i.e.,
16).

To optimize the efficiency of a Hall thruster it is critical to minimize the axial
electron current by controlling the strength and shape of the magnetic field. The
discharge current supplied to the thruster is the sum of the ion beam current I and

the counter streaming electron current I

I,=1+1,. 3-7)
As discussed in Chapter 4, the current utilization efficiency, which largely

determines the overall thruster efficiency, is given by

L __ L (3-8)

()

For constant discharge current, Eqn. 3-8 shows how minimizing the electron

n, =

~

current improves the current utilization efficiency by maximizing the ion yield. The
electrons also largely determine the ionization efficiency (through their average
temperature) and the acceleration efficiency (by establishing the self-consistent
electric field). Thus, an understanding of the electron dynamics is of great
importance in the study of Hall thrusters.

The complex physical processes determining the electron current in a Hall
thruster is a seemingly intractable problem that has plagued modelers and
theoreticians for decades. Fortunately, while a complete understanding of electron
dynamics is currently unavailable, it is known that the electron dynamics can be

influenced by controlling the shape and strength of the magnetic field. At least in
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this sense, it 1s fair to say that the magnetic field is the most important aspect
of Hall thruster design.

Other factors affecting thruster efficiency are discussed in Chapter 4 and
methods to focus ions and control the electrons with magnetic fields are discussed in
Chapter 5. The next section discusses some important aspects of the electron

dynamics in a Hall thruster.

3.1.3 Hall thruster electron dynamics

Neglecting the electron inertia, the axial electron current density is related to
the Hall parameter through the steady-state, one-dimensional electron momentum
equation [137, 138§]

v.nu.m, +enE +j,B + % -0, (3-9)
y4

where 1. 1s the electron collision frequency, v, is the axial electron velocity, jes1s the

ez

azimuthal electron current density, p, =n k7T, is the electron pressure, and the rest

of the symbols have their usual meaning. Neglecting the electron inertia in the
azimuthal electron momentum equation yields a relationship between the azimuthal

and axial current densities and the electron Hall parameter [137]

Joo =182, (3-10)

With this relation, Eqn. 3-9 can be solved for the axial current density

jez = /uez(_ eneEz _%j 9 (3—11)

which shows that the axial electron current density is given by the product of the

axial electron mobility
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b, = ( : J (3-12)

2
v.m,\ 1+ Q]

and the terms inside the brackets of Eqn. 3-11, which are due to the momentum

gained from the electric field and by diffusion, respectively.

3.1.3.1 Anomalous electron mobility

In the closed-drift region, the electrons are strongly magnetized so the axial

mobility simplifies to [139, 140]

e _vm,

= , 3-13
v,mQ>  eB’ (3-13)

Ith?Zz

which shows that the mobility is given by the ratio of the collision frequency and the
square of the magnetic field.

Measurements of the electron current have shown that the effective electron
collision frequency in an SPT-100 is on the order of 107-10% s! [138-140]. A collision
frequency based off “classical” collisions between the electrons and the heavy
particles cannot account for this high a value of collision frequency. Estimates
inferred from global measurements of the electron current [138-140], as well as
calculations based directly from internal plasma measurements [135, 141], show
that the classical collision frequency is on the order of 106-107 1. Thus, additional
“anomalous” transport mechanisms must be present that enhance the cross-field
electron mobility.

The two leading candidates that could be responsible for anomalous transport
are collisions with the walls and turbulent plasma fluctuations. Determining which
of these mechanisms is dominant has been the subject of considerable debate since

the 1960’s. However, a review of past experimental, numerical simulation, and
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theoretical research [109, 110, 135-150], shows that it is likely that both
mechanisms each play a role in different regions of the discharge chamber and at
different thruster operating conditions. Including these effects in the mobility can
be accomplished by using an effective electron collision frequency that is sometimes

modeled as

Ve = Ve/?’ = Ven + Vwall + Vturb ’ (3'14)

where ven 1s the electron-neutral collision frequency, vwar is the collision frequency of
the electrons with the walls, and wur 1s a collision frequency due to turbulent
plasma fluctuations (i.e., anomalous Bohm-like diffusion). It is worth noting that
the electron-electron collision frequency v and the electron-ion collision frequency
Vvei are absent from Eqn. 3-14. This is because these collision frequencies, which are
typically an order of magnitude less than the electron-neutral collision frequency
[135], are usually neglected for the sake of computational expediency [139].

Morosov, et al. [145] first suggested that wall collisions have a role in
enhancing cross-field transport by introducing the concept of a so-called “near-wall
conductivity.” In this view, the walls act essentially as a macroparticle on which
primary electrons also collide. Non-specular reflection of primary electrons and the
emission of low-energy secondary electrons from the walls act to enhance the bulk
electron conductivity by untrapping electrons from magnetic field lines. Near-wall
conductivity has been extensively studied experimentally, in numerical simulations,
and theoretically [109, 110, 138-140, 146, 147]. This research has shown that near-
wall conductivity plays a role in enhancing the effective collision frequency.

The experiments of Janes and Lowder [148] were the first to demonstrate

that azimuthal fluctuations in the electric field correlated with density gradients
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could account for anomalous diffusion via adiabatic ExB drifts. Anomalous diffusion
of this sort was found to agree closely with Bohm-like mobility, which scales as the
inverse of the magnetic field. Meezan, et al. [149, 150] have also studied the effects
of field fluctuations in a low-voltage (100-200 V) Hall discharge with alumina walls
and a long channel and also found that Bohm-like mobility could explain the
observed cross-field transport. However, as pointed out by Ahedo et al. [138], Bohm-
like diffusion likely dominates at low-voltage because the electron temperature is
much lower, thereby reducing the wall collision rate.!? Anomalous Bohm-like
diffusion can be included in the expression for the effective collision frequency (Eqn.

3-14) by supposing

14 a, o

turb — ano™’ce?

(3-15)

where auno 1s a fitting parameter that can be adjusted so that the necessary amount

of diffusion results. In the case of classic Bohm diffusion, aano would be equal to 1/16
(i-e., if Bohm transport dominates the Hall parameter would be Q, =« =16). If

Bohm-like diffusion were the dominant mechanism, the electron mobility would then

be given by

U, ~ e - Zawo (3-16)

12 The device used by Janes and Lowder [148] was operated at a discharge voltage of 400 V, which seemingly
contradicts this statement. However, it should be noted that their accelerator had an excessively long channel and used
quartz as the wall material. Such a device does not share much in common with modern thrusters. The results of Janes
and Lowder should therefore be viewed as a worse case scenario. In other words, it is important for studies of
anamolous electron diffusion to be conducted on “efficient” Hall thrusters operating at voltages and ion current
densities where flight designs are used (at least greater than 200 V and on the order of 100 mA/cm?) in order for the
results to be relevant to flight hardware. Examples of such studies can be found in the publications of Haas and
Gallimore [135, 142, 143] and Bishaev and Kim [136].
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In practice, assuming only near-wall conductivity or Bohm-like diffusion
throughout the channel is not justified by the available data. This was shown from
experiments by Haas [135] and computations by Choueiri [141] (using Bishaev and
Kim’s data [136]). Haas’ experiments were conducted using the P5 Hall thruster
(see section 5.3.1). The P5 was operated at a discharge voltage of 300 V, a discharge
current density of 85 mA/cm?, and greater than 50% thrust efficiency. Haas showed
that the effective Hall parameter in the closed-drift region can approach that given
by classical collisions alone, but falls to the Bohm value near the anode or
downstream of the exit plane.!’® This strongly suggests that a mixed-mobility,
accounting for both Bohm-like and wall collisionality effects, is more appropriate.
Fife was among the first to adopt such an approach in numerical simulations, by

accounting for classical scattering and Bohm-like diffusion in a simulation of the

SPT-70 [144]. Fife found that a value of &' =107 yielded the necessary amount of

cross-field transport. Ahedo, et al. [138] has also found acceptable results when

a;nlo =100 in a mixed-mobility approach that accounted for classical scattering, wall

collisions, and Bohm-like diffusion. The value of ¢, used by Fife and Ahedo, et al.

agree (within an order of magnitude) with those found experimentally, which have
shown that the electron Hall parameter attains a value of several hundred in the
closed-drift region [2, 135, 136]. In Chapter 12, it will be shown that the electron
Hall parameter in a high-efficiency, high-specific impulse Hall thruster averaged

160 over a voltage range of 400-900 V. Others have adopted similar mixed-mobility

' Haas includes a factor of two in the electron Hall parameter that is not included in Eqn. 3-10. Without this factor of
two, the effective Hall parameter in the channel never rises above the Hall parameter derived from classical collisions
alone and the maximum Hall parameter in the closed-drift region would be 850. As shown by Fife [144], the
measurements of Bishaev and Kim [136] show the same trends as Haas’ data. The electron Hall parameter computed
by Choueri [141], from Bishaev and Kim’s data [136], averaged about 290 in the closed-drift region.
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approaches that have differed by which of the terms shown in Eqn. 3-14 are included

in their simulations [110, 139, 147].

3.1.3.2 Diffusion by electron heating

The importance of the electron pressure, or more explicitly, the electron

temperature can be shown if Eqn. 3-11 is expanded

jez = H,. _eneEz _% =H, _eneEz _n’e qu—‘; _kn% . (3_17)
dz dz dz

Thus, if either the electron temperature or its gradient are very large, the axial
electron current density increases via diffusion (or similarly for the number density,
but these situations are usually not encountered in magnetic layer thrusters). Since
the electrons gain energy from the electric field as they migrate towards the anode,
the relative importance of diffusion depends mostly on the discharge voltage. The
energy imparted to the electrons from the electric field is regulated primarily by
losses due to inelastic collisions and wall collisions, which leads us back to the
primary difference between magnetic layer thrusters (ceramic walls) and anode

layer thrusters (metallic walls).

3.1.3.3 Wall effects and secondary electron emission

The choice of wall material strongly influences the average electron
temperature in the channel because of secondary electron emission (SEE) effects
[151-153]. When a primary electron from the channel collides with the walls, a flux
of low-energy secondary electrons are released. Because of their lower temperature,
the secondary electrons act in effect to cool the plasma, which in a magnetic layer

thruster regulates the electron temperature to approximately 10% of the discharge
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voltage (7, c0.1V,) [136, 143, 149, 154]. Regulating the electron temperature

benefits the ionization efficiency, since the ionization cross-section of xenon by
electron impact maximizes with electron temperature in the range of 40-90 eV [155].
The magnitude of the cooling effect depends on several factors, but most
importantly, it depends on the choice of wall material.

For the ceramic walls of a magnetic layer thruster, the cooling effect is
significant because the secondary electron emission coefficient is large compared to
metals. This moderates the electron temperature and allows for a gradual increase
in the potential along the channel. In contrast, the metallic walls of an anode layer
thruster have a much lower yield of secondary electrons and the walls are usually
kept at the cathode potential to repel electrons. This means that in the anode layer
thruster that the electrons liberate their energy only through inelastic collisions
(e.g., ionization). Thus, the electron temperature in an anode layer thruster will
typically be much higher than in a magnetic layer thruster [156]. Because electrons
conserve their energy as the anode is approached, a sharp increase in the plasma
potential is forced to occur, which is also where the anode layer thruster derives its
name. The higher electron temperatures encountered in anode layer thrusters has
partly led to the development of two-stage models [63, 106, 107, 157]. When
properly designed, the intermediate electrode in a two-stage thruster aids in
regulating the electron temperature in the ionization stage, which can improve the
lonization efficiency in thrusters where the electron temperature would otherwise

surpass the maximum in the ionization cross-section.
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3.2 Development history of high-specific impulse Hall
thrusters

After the 1970’s, Hall thruster research languished in the United States and
flourished in the Soviet Union. Zhurin, et al. [3] estimate that the number of
scientists and engineers working on electric propulsion (of any kind) was about 2000
in the Soviet Union in the 1980’s compared to about 200 in the United States during
the 1970’s. This substantially larger investment in electric propulsion, especially in
Hall thruster research, allowed Soviet researchers to explore almost every thruster
design imaginable, ultimately leading to the development of several flight thrusters.
The early research considered important design variables such as the thruster type
(magnetic versus anode layer), operating point (discharge voltage and current),
discharge chamber geometry, magnetic field topography, propellant type, and wall
material. In the next two sections, the focus will be on the trends that have
influenced the development of high-voltage (high-specific impulse) Hall thrusters.
The discussion is logically divided into the development efforts during the Cold War
(pre-1990) and the research that has occurred since Hall thrusters were re-

introduced to western countries in the 1990’s.

3.2.1 Development from 1960-1990

Since its beginnings, Hall thruster researchers have been divided into two
camps based on those that favored the magnetic layer thruster and those that
extolled the virtues of the anode layer thruster. The purpose here is to highlight the
major development efforts that have occurred. Several review articles and textbooks
provide considerably more detail than will be discussed here [1-3, 14, 15, 19, 20, 63,

98, 99, 106, 107, 157-162].
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Magnetic layer thruster development in the former Soviet Union benefited
from the majority of research investigations. This was because early efforts to
optimize magnetic layer thrusters revealed that they were well suited as single-
stage thrusters operating below one kilovolt, making them an attractive option for
satellite station keeping missions [2, 19, 159]. Multi-stage configurations have been
reported [145], but were never developed extensively [99]. This was probably
because the electron temperatures encountered at discharge voltages below one
kilovolt (T < 100 eV) can be effectively used to ionize the propellant, making the
added complexity of a two-stage design unnecessary [1]. Magnetic layer thrusters
have also been operated in pulsed and quasi-steady operating modes at discharge
voltages of several kilovolts and megawatt power levels [159, 162, 163]. However,
interest in these operating modes quickly waned as the focus shifted to the needs of
flight hardware. Magnetic layer thrusters gradually evolved into 200-300 V models
that were successfully flown in space for the first time in 1971 [18]. As a result, the
bulk of magnetic layer thruster research was focused on low-voltage models from the
1970’s until well into the 1990’s.

Anode layer thrusters developed in the former Soviet Union were never flown
in space because the kilowatt- to megawatt-class missions that they were being
developed for were never brought to fruition [63, 160]. The earliest attempts at
optimizing anode layer thrusters revealed that they were well suited as two-stage
thrusters operating at discharge voltages of several kilovolts. Bismuth propelled
thrusters were extensively investigated at TsNIIMASH from 1960-1985 at power
levels in excess of 100 kW, specific impulse of 3000-8000 s, and efficiencies
approaching 80% [63, 157]. These thrusters were usually operated in a so-called

“vacuum mode” [99, 122], which is related to a Penning discharge [164]. Such a
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mode of operation is a qualitatively different type of discharge than that
encountered in modern anode layer or magnetic layer thrusters. In vacuum mode
thrusters, the ionization stage typically operates at ion current densities common to
today’s thrusters. In the acceleration stage, however, the ion current density is only
about 10-20% of the value of a modern thruster and the quasineutrality condition is

violated (n, >>n,). A vacuum-mode discharge will transition to quasineutrality

above a critical neutral pressure, which has been reported to be on the order of the
pressures encountered in modern thrusters. A peculiar aspect of vacuum mode
thrusters is that they are apparently incapable of operation below some critical
voltage, which is usually on the order of 1-2 kV. As the critical voltage is
approached, vacuum-mode thrusters also become grossly inefficient (<20%). For
these reasons, there are some fundamental differences between the designs of
vacuum-mode anode layer thruster and modern thrusters that are not applicable to
the present work. The interested reader is directed to the literature for more details
[13, 63, 99, 106, 107, 122, 157, 161, 165-169]. In the 1970’s, as it became
increasingly clear that spaceflights using high-power electric propulsion were
decades away, TsNIIMASH began to develop sub-kilovolt, 1-10 kW anode layer

thrusters that operated at the current densities of modern thrusters [161].

3.2.2 Development from 1990-present
As discussed in Chapter 1, the end of the Cold War made it possible for Hall

thruster technology from the former Soviet Union to be exported to western
countries. The early efforts focused on 1.35 kW models: the Fakel SPT-100, the
TsNIIMASH D-55, and KeRC T-100 [23]. Hall thrusters gradually gained

acceptance in the western electric propulsion community due to the success of these
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investigations and since that time Hall thruster research has flourished worldwide.
After the initial flight qualification efforts, the community quickly became interested
in expanding the capabilities of Hall thrusters in terms of their operating power and
specific impulse. These trends were motivated by the rapid growth of available
power on-board Earth orbiting satellites and studies indicating the benefits of high-
specific impulse Hall thrusters (see Chapter 2). Hall thrusters are now being
investigated worldwide at power levels of 0.1 to 100 kW and specific impulses of
1000-5000 s [49, 51, 52, 66].

In the United States, on-going Hall thruster research is being pursued by
industry, academia, and several government entities [49, 50, 53, 66]. The largest
government programs are currently implemented by the Air Force Research
Laboratory (AFRL) at Edwards Air Force Base, CA and the NASA Glenn Research
Center (GRC) in Cleveland, OH. Major portions of both the AFRL and GRC
programs are concerned with investigating high-power (10-100 kW) Hall thrusters
[47-49, 64-66, 131, 170-173]. In addition, GRC has funded or directly implemented
several investigations of high-specific impulse Hall thrusters [130, 132, 133, 169,
174-180]. Other organizations, mostly in Russia at TsNIIMASH and Fakel, have
also explored high-specific impulse operation during the 1990’s [51, 52, 106, 107,

127, 156, 181-185].

3.2.2.1 NASA'’s high-specific impulse Hall thruster program
In 1999, motivated by the mission studies described in Chapter 2, NASA

GRC initiated a focused high-specific impulse Hall thruster program.!* This

14" Although not explicitly stated at the time, the high-specific impulse program also naturally emerged from on-going
research at high-power [65]. The high-power programs had already begun to expand the specific impulse operating
range of Hall thrusters beyond 2000 s [131, 172, 173]. As NASA GRC began in-house development of its own high-
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program was divided into two major phases. Phase one consisted of feasibility
studies through thruster development contracts with industry [174-176]. Phase two
was an extended research and development effort that included a collaboration with
the University of Michigan along with in-house thruster development. The phase
two efforts, which are the subject of this dissertation, are discussed beginning in
Chapter 6.

In phase one, contracts were awarded to industry with the goal of
demonstrating the feasibility of operating modern, xenon Hall thrusters at specific
impulses greater than 3000 s [174-176]. Specifically, proposals were solicited for
thrusters that were to operate at 2.3 kW discharge power while producing 3200 s
specific impulse and 100 mN thrust. These targets were similar to the nominal
operating conditions of the 2.3 kW NSTAR ion thruster that had recently flown on
Deep Space 1 [186]. Three thrusters were developed in phase one, two of which were
delivered to GRC for evaluation. The thrusters delivered to GRC were the D-80
from TsNIIMASH under sub-contract to Boeing and the SPT-1 from Fakel under
sub-contract to the Atlantic Research Corporation. The third thruster was the BHT-
HD-1000 from the Busek Company, which was developed under a NASA funded
SBIR program. The major results from each of these thruster development efforts
are described below, followed by a brief discussion.

The D-80 was an anode layer thruster that was operated in both single- and
two-stage configurations. A photograph of the D-80 is shown in Figure 3-4.
Performance in the two-stage configuration showed little or no benefit over single-

stage operation (not shown, see Ref. [133]). In the single-stage configuration, the

power thrusters [47], the high-specific impulse program, which focussed on mid-power thrusters (1-10 kW), evolved
into a means to investigate high-specific impulse divorced from the challenges of high-power operation.
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thruster was operated at discharge voltages ranging from 300 to 1700 V with
corresponding anode specific impulses of 1600-4100 s. Figure 3-5 shows the anode
specific impulse versus discharge voltage at anode mass flow rates between 4-8 mg/s.
At constant voltage, the propellant utilization increased with flow rate resulting in
higher specific impulse.’® Figure 3-6 shows the anode efficiency versus discharge
voltage. The efficiency also benefited from improved propellant utilization at higher
flow rates. However, it was found that maximum efficiency occurred between 600-
800 V, depending on the mass flow rate. This range of voltage roughly corresponded
to specific impulses less than 3000 s. Figure 3-7 shows the current-voltage
characteristic. A slight downward trend in the current was observed with increasing
voltage. Between 700 and 800 V the discharge current increased regardless of the
mass flow rate, which also corresponded with an increase in specific impulse and

efficiency.
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Figure 3-5 Anode specific impulse versus discharge voltage of the TsNIIMASH
D-80 (single-stage configuration) from Ref. [133].

5 The so-called “anode” performance parameters of specific impulse and efficiency neglect the power to the
electromagnets and the mass flow rate supplied to the cathode. The anode performance parameters are formally
defined in section 4.2. The mass utilization, defined in section 4.3.2, is the ratio of the mass flow rate of ions to the
mass flow rate of neutral propellant through the anode.

48



Anode efficiency

————
300 500 700 900 1100 1300 1500 1700
Discharge voltage (V)

L AL R S S S

Figure 3-6 Anode efficiency versus discharge voltage of the TsNIIMASH D-80
(single-stage configuration) from Ref. [133].
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Figure 3-7 Discharge current versus discharge voltage of the TsNIIMASH D-80
(single-stage configuration) from Ref. [133].

The D-80 was later subjected to a 1200 hour erosion characterization at
NASA GRC while operating in single-stage mode at 700 V and 4 A [174]. Although

guard ring erosion exposed the magnet poles sometime after 600-900 hours of
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operation, the thruster continued to operate normally up to 1200 hours when the
test was voluntarily terminated.

A follow-on version of the D-80 was fabricated by TsNIIMASH with NASA
GRC support. This thruster was reported to show performance benefits over single-
stage operation when operated in two-stage mode at high-voltage [132]. The
primary change in the new version of the D-80 was a decrease in length of the
acceleration stage, i.e., the axial length between the downstream surfaces of the
intermediate electrode and the guard rings (see Figure 3-2) [181]. Unfortunately,
these claims have yet to be verified in NASA vacuum facilities. After NASA
program support ended with the fabrication of the new D-80, TsNIIMASH later
evaluated its erosion characteristics independently [181]. Although the efficiency
was greater in the two-stage mode, the erosion of the intermediate electrode was
greater than the erosion while operating in single-stage mode.

The SPT-1 was a single-stage, magnetic layer thruster of hybrid design [176].
A metallic anode was used for a portion of the discharge chamber with a dielectric at
the exit as in conventional magnetic layer thrusters. The thruster was operated at
discharge voltages ranging from 300 to 1250 V with corresponding anode specific
impulses of 1600-3700 s. Figure 3-8 shows the anode specific impulse versus
discharge voltage at anode mass flow rates between 2.4-5.4 mg/s. Figure 3-9 shows
the anode efficiency versus discharge voltage. Like the D-80, at constant voltage
both the specific impulse and efficiency increased with flow rate due to improved
mass utilization. A peak in the efficiency with voltage was also measured, that
again depended on the mass flow rate, over the range of 500-700 V. This range of

voltages roughly corresponded to specific impulses of less than 3000 s. Figure 3-10
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shows the current-voltage characteristic. The slope of the characteristic was found

to increase near the discharge voltage that also corresponded to maximum efficiency.
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Figure 3-8 Anode specific impulse versus discharge voltage of the Fakel SPT-1
from Ref. [176].
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Figure 3-9 Anode efficiency versus discharge voltage of the Fakel SPT-1 from
Ref. [176].
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Figure 3-10 Discharge current versus discharge voltage of the Fakel SPT-1 from
Ref. [176].

Similar to the SPT-1, the BHT-HD-1000 was also a magnetic layer thruster
of hybrid design [175]. The BHT-HD-1000 was operated in both single- and two-
stage configurations. As with the D-80, performance in the two-stage configuration
showed little or no benefit over single-stage operation (not shown, see Ref. [175]). In
the single-stage mode, the thruster was operated at discharge voltages ranging from
300 to 1000 V with corresponding anode specific impulses of 1600-3200 s. Figure
3-11 shows the anode specific impulse versus discharge voltage at anode mass flow
rates between 2.5-3.0 mg/s. Figure 3-12 shows the anode efficiency versus discharge
voltage. Thermal limitations restricted the performance evaluation to the flow rates
that were investigated. As with the D-80 and SPT-1, at constant voltage both the
specific impulse and efficiency of the BHT-HD-1000 increased with flow rate due to
improved mass utilization. A peak in the efficiency was also measured at 500 V for
each flow rate tested. This voltage corresponded to a specific impulse of about 2400

s. Figure 3-13 shows the current-voltage characteristic. The slope of the
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characteristic was found to increase near 500 V where maximum efficiency occurred.
Above 600 V, the current reached a maximum then decreased. NASA sponsored

studies of the BHT-HD-1000 are on-going [187-189].
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Figure 3-11 Anode specific impulse versus discharge voltage of the Busek BHT-
HD-1000 (single-stage configuration) from Ref. [175].
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Figure 3-12 Anode efficiency versus discharge voltage of the Busek BHT-HD-1000
(single-stage configuration) from Ref. [175].
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Figure 3-13 Discharge current versus discharge voltage of the Busek BHT-HD-
1000 (single-stage configuration) from Ref. [175].

In summary, each of the thrusters in phase one successfully
demonstrated operation of modern, xenon Hall thrusters at greater than
3000 s specific impulse. Above 3000 s specific impulse, anode efficiencies were
maintained above 50% for a wide range of voltages and flow rates. However,
maximum efficiency was limited to less than 3000 s specific impulse. The maximum
efficiency occurred between 500-800 V depending on the mass flow rate and the
thruster design. This was a source of some concern since decreasing thruster
efficiency may also affect the thermal robustness, stability, and lifetime of high-
specific impulse Hall thrusters. Understanding the causes of the efficiency peak
therefore required additional study.

Since the investigations in Ref. [133, 175, 176] were limited to performance
measurements alone, it was not possible to precisely identify the physical
mechanisms causing the efficiency peak. However, based on the available data the

authors in Ref. [175, 176] considered two possible explanations:
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1. electron current leakage across the transverse magnetic field and

2. increased production of multiply-charged ions.

Although not explicitly stated in Ref. [175, 176], either of these effects could be the
likely outcome of increased electron temperature, which is expected with increased
discharge voltage.

When analyzing these possibilities, Manzella et al. [176] observed that the
efficiency peak in the SPT-1 closely coincided with the increased slope of the current-
voltage characteristic, from which, it was concluded that enhanced axial electron
current was the dominant mechanism lowering efficiency. Pote and Tedrake [175]
applied a performance model to the BHT-HD-1000 data, and similarly concluded
that enhanced electron transport was the likely cause of the efficiency trends.16
While a precise mechanism for the increased electron current was not offered in
these analyses, the authors of Ref. [175, 176] all concluded that there was a clear
need to investigate magnetic field effects on electron transport in magnetic
layer thrusters. Although the electron transport in magnetic layer thrusters is a
poorly understood process (see section 3.1.3), it is clear that the interaction of the
plasma with the walls and the magnetic field strongly influence the cross-field
electron mobility. As shown in later chapters, it is possible to control wall effects
partially by properly designing the magnetic field. In conclusion, the phase one
results revealed a strong need for further study of the role of the magnetic field in

influencing Hall thruster performance.?

' The model used by Pote and Tedrake [175], which did not include the effects of multiply-charged ions, was a
simplified version of the model discussed in Chapter 4.

"7 NASA GRC has also investigated wall material effects in other studies [113, 190]. The orientation of the magnetic
field is known to influence the erosion rate in 300 V Hall thrusters [113].
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In contrast to the SPT-1 or BHT-HD-1000, the slope of the D-80 current-
voltage characteristic was slightly negative. Since the efficiency still peaked in the
D-80, this trend suggests that the mechanism limiting efficiency in anode layer
thrusters may be (much) different than in magnetic layer thrusters. A possible
explanation for this phenomenon is proposed here as follows. Recalling the
discussion of electron dynamics in section 3.1.3, it may be that the higher electron
temperatures encountered in anode layer thrusters lowers the ionization rate
enough that the ion current actually decreases with voltage. If this were the case, it
would be possible for the discharge current to remain constant while the ion current
decreased and the electron current increased (as shown by Eqn. 3-11, if the electron
temperature increases with voltage, the electron current can increase via diffusion).
This hypothesis is supported by electron current measurements that were made on
the TsNIIMASH D-100 in Ref. [156]. In those experiments, the current-voltage
characteristic of the D-100 was constant, the electron current increased with voltage
and the efficiency was found to peak at less than 3000 s specific impulse. As first
noted in section 3.1.3.3, it therefore seems necessary to transition to two-stage
operation at lower voltages in an anode layer thruster than in a magnetic layer
thruster. Because of the added system complexity of a two-stage design, this may
make anode layer thrusters undesirable for sub-kilovolt operation. This conclusion
later provided strong justification for pursuing magnetic layer thrusters in the
development of 2000-3000 s specific impulse Hall thrusters.

The phase one studies led to the basic hypothesis of this
dissertation. While several engineering issues (e.g., thermal margin) likely
contributed, the research presented in this dissertation was based on the hypothesis

that the efficiency peak was a consequence of modern magnetic field designs, which
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have been optimized for 1600 s specific impulse, that were unsuited for high-specific
impulse operation. This hypothesis led directly to the thruster development and
characterization efforts that would occupy the bulk of the phase two efforts and

became the subject of the work presented here.

3.2.2.2 Related high-specific impulse research

In the late 1990’s there have been several other investigations of high-specific
impulse Hall thrusters that are related to studies described in the previous section.
The studies related to anode layer and magnetic layer thrusters are briefly reviewed
in this section.

High-specific impulse anode layer thrusters developed by TsNIIMASH are
discussed in Ref. [106, 127, 131, 156, 181, 182]. While some of the thrusters
described in these references do not exhibit an efficiency peak (or at least show
asymptotic behavior at high-voltage), it is interesting to examine the review of anode
layer thrusters in Ref. [127]. In that reference, a compilation of efficiency data from
the D-55, TAL-110, D-150, and TM-50 shows a clear trend towards maximum
efficiency occurring below 3000 s specific impulse.’® This suggests that the efficiency
trends observed in the D-80 are generally shared by other anode layer thrusters.

Magnetic layer thrusters developed by companies in the United States and
Russia are discussed in Ref. [172, 173, 183-185]. The 500 V, 10 kW T-220 was
developed by Space Power Inc. (now Pratt & Whitney) with NASA GRC sponsorship
to investigate high-power operation [172]. The T-220 has shown an increasing
efficiency up to a maximum tested voltage of 600 V (see section 4.5.3). The 1000

hour erosion characterization reported in Ref. [173] showed that the volumetric

'8 These thrusters span a power range of 1-25 kW.
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erosion rate of the 500 V T-220 was only slightly higher than the 300 V SPT-100.
This has obvious significance for the prospects of developing long-lived, high-specific
impulse Hall thrusters.

Fakel, through various collaborations, has also explored high-specific impulse
operation of the SPT-80, SPT-115, SPT-140, and the SPT-290. The SPT-80 was
reported to have a flat current-voltage characteristic and increasing efficiencies up
to 850 V at several flow rates [185]. However, these trends were not repeated in the
SPT-115, SPT-140, SPT-290, or the SPT-1. The efficiencies reported for the SPT-115
and SPT-140 exhibit current-voltage characteristics with a positive slope and some
evidence of a peak efficiency with voltage (the efficiencies often leveled off with
voltage) [184]. Some thermal design issues were also reported in the SPT-140
operating at high-voltage. The SPT-290 generally showed increasing current and
efficiency up to a maximum tested voltage of 600 V [183]. Some thermal issues were
also reported in the SPT-290. In general, the existing Fakel SPT designs seem to
exhibit either a peak or asymptotic efficiency-voltage characteristic at high-voltage.
However, the overall trends in erosion and efficiency of magnetic layer thrusters in
general lend additional support for their continued development at high-specific

impulse.

3.3 Conclusions

Minimizing the axial electron transport in Hall thrusters is critical to
achieving high efficiency. Since electron current is controlled by the magnetic field
distribution in the discharge chamber, the magnetic field topography is very

important in Hall thruster design.
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Phase one efforts of NASA’s high-specific impulse program have
demonstrated that greater than 3000 s specific impulse is possible at more than 50%
thrust efficiencies in modern, xenon Hall thrusters. However, maximum efficiency
was limited to less than 3000 s specific impulse. Analysis of the phase one results
indicated that enhanced axial electron transport across the transverse magnetic
field was the likely cause of the peak efficiency. Combined with the mission
studies showing the benefits of high-specific impulse Hall thrusters, the
phase one studies motivated the development of the NASA-173M series of
Hall thrusters. Part II discusses efforts to develop the NASA-173M Hall thrusters.

In the next chapter, a Hall thruster performance model that includes the
effects of a multiply-charged, partially-ionized plasma is discussed. Such a model is
an important tool in the analysis of Hall thruster performance at high-specific
impulse. The model is used in Chapter 12 to weigh the relative importance of

electron current and multiply-charged ions on the performance of Hall thrusters.
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Chapter 4

Phenomenological Hall thruster performance

model

A phenomenological Hall thruster performance model is derived as a function
of the utilization efficiencies of current, mass, voltage, and charge. The model allows
for a partially-ionized plasma consisting of either singly- or multiply-charged ions.
Trends in the performance parameters from the model are discussed for certain
limiting cases and it is demonstrated how a simplified version of the model bounds
Hall thruster performance over a wide range of operating conditions. As a
motivation for its use in Chapter 12, it is shown how the model can provide insight
on thruster processes by providing a means to correlate thruster performance with
the plasma parameters. The model is especially useful in weighing the relative

importance of electron current and multiply-charged ions on performance.

4.1 Hall thruster performance models
A complete model of Hall thruster physics has thus far defied description due

to the complexity of the physical processes involved, most of which are not very well
understood. Although significant progress has been made in recent years [138-140,
144, 147, 191-194], there presently are no analytic or numerical models of Hall
thrusters that can accurately predict the performance parameters over a wide range

of operating conditions.
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The dearth of analytic or numerical solutions has led to the development of
several semi-empirical Hall thruster performance models [46, 58, 59, 98, 195-198].
While the depth of the models has varied, they have all been based on simple
physical arguments, scaling relations, or correlations with existing data used to
describe the dependence of the performance parameters with operating condition
(e.g., voltage, current, mass flow rate, geometry, etc.). Since the models have relied
on experiments to determine various constants, their predictive value is limited by
the available data. However, the models have proven useful in judging the relative
performance of thrusters, for example, against large databases of thruster
performance [198], or to derive dimensionless scaling laws that can guide new
designs [195, 196].

A series of models discussed in Ref. [46, 58, 59, 197] have all been similarly
based. McLean, et al. [568] and Pote, et al. [46] developed nearly identical two-
parameter models for a fully-ionized, singly-charged plasma and found good
agreement with individual thrusters. Hofer and Jankovsky [197] expanded these
models to include the effects of a fully-ionized, multiply-charged plasma so that the
performance of high-voltage, high-power thrusters could be analyzed. Including the
effects of multiply-charged ions was later shown to be a useful tool in interpreting
the performance trends of the 50 kW NASA-457M Hall thruster [47]. Hruby, et al.
[59] have also expanded the model of Pote, et al. [46] by including additional physics
and geometric effects related to thruster scaling. While the models in Ref. [46, 58,
59, 197] were capable of capturing the experimentally measured performance
trends, most of the models neglected multiply-charged ions [46, 58, 59], and all of
these models assumed a fully-ionized plasma (i.e., 100% propellant mass utilization).

These modeling approaches are too restrictive considering that Hall thrusters
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operate efficiently over a wide range of voltages and flow rates where these
simplifying assumptions are no longer valid. To address these shortcomings, the
model presented here extends the work of Ref. [197] by allowing for a partially-
ionized, multiply-charged plasma. System level considerations are also added to the
model to aid in future mission analyses. When combined with measurements of
thruster performance and plasma parameters, the model can be used to compute
thruster properties (e.g., electron current) that are difficult to measure directly using

probe-based techniques.

4.2 Hall thruster performance parameters

The system performance parameters defined in section 2.1 can be applied to
space propulsion systems in general. In this section, system and thruster level
equations for the performance of a Hall thruster are presented. Differences between
the magnetic and anode layer Hall thrusters are neglected throughout this analysis.
Although differences do exist between magnetic and anode layer thrusters, their
performance is similar for thrusters with the same power rating [32, 198].

In a Hall thruster, thrust may be developed by the mixture of particle species
present in the discharge chamber. The different particles include electrons, neutral
propellant, and each ion species (e.g., Xe*, Xe2t, Xe3*). The ion momentum flux
dominates over the electrons and neutrals because of the large disparity in mass and

velocity, respectively. Thus, the thrust produced by a Hall thruster is given by

7= v, (4-1)

where the index i indicates the charge-state of each ion species, N is the total

number of ion species, and m, and <vi> are the mass flow rate and average velocity
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of the it ion species, respectively. Second-order effects that can artificially increase
thrust, such as ingestion of neutrals from the cathode [176, 199] or the background
gases in a vacuum facility [200], are not included in Eqn. 4-1 or throughout this
analysis.

The system efficiency depends on the total mass flow rate of propellant

supplied to the thruster, which includes the flow through the anode and cathode

m,=m,+m,_, (4-2)

where t, a, and c¢ indicate total, anode, or cathode quantities, respectively. The
cathode flow rate for thrusters with discharge powers greater than 1 kW is typically
5-10% of the anode flow rate [34, 56, 58, 131, 172]. If the cathode flow fraction is

defined as

K =—, (4-3)
mCL
and a cathode efficiency is defined as
m 1
=—8& = , 4-4
7 m, 1+K, (4-4)

then the total mass flow rate can be expressed as

m,=m,+m, =[1+K, ), =—2=. (4-5)

The total effective exit velocity is defined as the average velocity at which the

propellant is expelled based on the total mass flow rate

c

T T T
- = =—1.. (4-6)
mt m(l m(l

t

(1+KC)
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The total specific impulse is defined as the thrust per unit total weight flow

rate of propellant

The total power input to the thruster is

P =Pd+Pmag+P

(4-7)

(4-8)

where Pi=VaXla is the discharge power, Pmag is the power to run the electromagnetic

coils, and Paux accounts for any auxiliary power requirements (e.g., a heater or

keeper on the cathode). Most modern thrusters use heaterless and keeperless

cathodes, so Paux will be zero for the remainder of this analysis.!9

The power input to the electromagnets is typically 1% of the discharge power

for flight models [55], but can vary from about 0.5-4% of the discharge power

depending on the magnetic circuit design and operating point. If the electromagnet

power fraction is defined as

and an electromagnet efficiency is defined as

P, 1

T =p TIVEK,,

t

then the total thruster power is

(4-9)

(4-10)

' The cathode heater and keeper are still used during start-up on modern thrusters.
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—— Pd
P=P+P, +P, =(+K,, )P, =—L. (4-11)
nmag

The total thrust efficiency is the ratio of jet power in the exhaust to the total
input power

P, iTc,  T¢ 1 1 i
P (P+P,) 2mP (1+K,)1+K,,) 2m0P,

mag

DM mag * (4-12)

A Hall thruster propulsion system is usually composed of four major
components: the power processing unit (PPU), a xenon flow control (XFC) system, a
digital control and interface unit (DCIU), and the thruster. The PPU converts the
spacecraft bus power into the appropriate voltages and currents needed by the
system components (including the power to run the PPU). Power conversion
efficiencies of modern PPU’s are typically 90-95% [56, 201, 202]. The PPU and

system efficiency are defined as

P,
= ’ 4-13
Meru P, ( )
Nsys = Mppul; s (4-14)

where Psys 1s the power input to the PPU from the spacecraft bus and is the sum of

the power requirements of each system component

P =P, +Py.+Pyy+P. (4-15)

sys

As defined, the PPU power includes the power to run the PPU as well as power lost

as waste heat during the power conversion process.
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The focus in this chapter is on thruster-level, rather than system-level,
performance. Neglecting the PPU efficiency, the combination of total thruster
efficiency, total thruster power, total specific impulse, and thrust define the
thruster performance parameters. To account for thrusters of varying degrees
of development (e.g., a laboratory versus a flight thruster), the parasitic system
losses not directly associated with the production of useful thrust should also be
excluded. These include the cathode efficiency (7)) and the electromagnet efficiency
(7mag). This is necessary due to the variability of different thruster designs, i.e.,
some thrusters have more optimized cathodes2® or more efficient magnetic circuits.
Neglecting these losses defines the aptly named “anode” quantities for the effective

exit velocity, specific impulse, and efficiency

c =;—t=ml, (4-16)
1
Isp,a = 787_p,t = ng b (4—17)
7, r’

Ma (4-18)

N 2P,

The combination of the anode efficiency, discharge power, anode specific
impulse, and thrust define the anode performance parameters. For a given
thruster design, the anode performance parameters characterize how thruster
operation is affected by changes to the voltage and mass flow rate. Deviation of the

anode quantities from ideal scaling can be used to assess how thruster processes are

2% Implicit to neglecting the cathode flow is the assumption that it is not much greater than 10% of the total flow rate.
This is necessary so that neutrals from the cathode do not significantly contribute to the thrust (through ingestion into
the discharge chamber where they can be ionized and accelerated) [176, 199]. A similar argument holds for the
background pressure. If the vacuum facility pumping speed is too low for the mass flow rate, the ingestion of neutrals
from the high background pressure can artificially increase the thrust [200].
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affected by changing the operating point. Unless noted otherwise, the focus in
subsequent sections is on the “anode” rather than the “total” performance
parameters. The “total” quantities are easily recovered with Eqns. 4-16 to 4-18 and

the system efficiency with Eqn. 4-14.

4.3 Performance model for a singly-charged plasma

In the literature, it is common to assume that the Hall thruster exhaust is
composed only of singly-charged ions [46, 58]. This is a fair approximation for first
order analyses; however, the Hall thruster exhaust is known to contain multiply-
charged propellant ions that should be accounted for in certain situations, especially
at high-voltage. Typical ion species fractions for 300 V, xenon Hall thrusters are 4-
11% Xe?* and 1% Xe?* [203, 204]. In section 11.2, the Xe?" species fraction of the
NASA-173Mv2 is shown to vary from 3% at 300 V to 16% at 900 V. In this section, a
model that predicts the performance parameters is derived assuming a partially-
ionized plasma of singly-charged ions. The singly-charged model serves as a
reference case to assess the relative importance of multiply-charged ions on
performance, which will be included in section 4.4.

Thruster performance is determined by the efficiency of the ionization and
acceleration processes. The ionization and acceleration of a singly-charged Hall

thruster plasma can be characterized by the conversion efficiency of three distinct

processes:
1. the fraction of ion current contained in the discharge current, that is,

the current utilization efficiency,
2. the conversion of mass flow rate into ion current, that is, the mass

utilization efficiency, and
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3. the conversion of voltage into axially directed ion velocity, that is, the
voltage utilization efficiency.

A fourth important process, the charge utilization efficiency, will be added in section

4.4 for a multiply-charged plasma. Before considering the performance parameters,

expressions for each utilization efficiency are expressed in terms of measurable

thruster properties. A plus sign (+) is used to denote that the defined quantities

correspond to a plasma of singly-charged ions.

4.3.1 Current utilization efficiency

In the Hall thruster discharge chamber, the net current flow (i.e., the
discharge current) is composed of the ion (or beam) current used to produce thrust
and the electron current that ionizes the propellant. Applying Kirchoff's Law, the

discharge current is the sum of the ion and electron current

I=I +I'. (4-19)

If the electron current fraction is defined as

~N
+

te—e, (4-20)

)
1l
~
Y

and the current utilization efficiency is defined as the ratio of the ion beam current

to the discharge current

.
L

, (4-21)

[
o
Il

then the dimensionless version of Eqn. 4-19 1s

n =1l-g". (4-22)
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The current utilization efficiency characterizes how effectively the electrons
are used to ionize the propellant. Hall thrusters operating above 200 V typically
have current utilization efficiencies of 70-80% [2], which is usually the lowest of the
utilization efficiencies composing the anode efficiency. As a result, considerable
effort is devoted to minimizing the electron current in Hall thruster design, but a

practical limit must exist since the electrons are needed to sustain the discharge.

4.3.2 Mass utilization efficiency

Neglecting any ingestion from the cathode or the vacuum facility, the anode
mass flow rate is the propellant supply used to produce ions. The anode mass flow

rate can be decomposed as the sum of the flow rates of beam ions and neutrals

m, =m; +m’. (4-23)

where the ion mass flow rate is related to the ion and discharge currents by

. m I, mn1
rity === ~= Zb <, (4-24)

and a useful parameter, usually called the exchange ratio, is defined as

&= n;{j . (4-25)

a

The mass utilization efficiency can then be defined as the ratio of the mass

flow rate of ions to the anode mass flow rate?!

21 Occasionally, the mass utilization efficiency is confused as the ratio of the ion current to the current equivalent of
the neutrals (by converting the neutral mass flow rate into a “neutral current”). Since there is no such thing as a neutral
current this can distress some readers, so it should be duly noted that the mass utilization efficiency defined here is the
ratio of the mass flow rates of ions (a very real quantity) to neutrals. A similar definition is used when multiply-
charged ions are added to the mix.
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LI ¥ ' T (4-26)
m m.e

a

The mass utilization efficiency characterizes how effectively the flux of neutrals
through the anode is converted into an ion flux and is often misinterpreted as the
ionization fraction. This is far from the case due to the large disparity in velocity
between the ions and neutrals. If the total particle density is defined as the sum of

the particle densities of neutrals and ions

n,=n, +n,, (4-27)

then it can be shown that the ionization fraction ®, defined as the ratio of the ion

particle density to the total particle density, is given by

o=l M 1 : (4-28)
n, n;+n, {1_,,,;]@;)
) {v.)

(Note that only when the singly-charged mass utilization efficiency reaches 100% is
the ionization fraction of a singly-charged plasma also 100%.) This definition of the
ionization fraction is valid near the exit plane, downstream of the ionization and
acceleration regions and assumes that the area over which the neutrals and ions
flow are equal. Because of the breathing-mode ionization instability (see section
6.3.3), it is possible for the instantaneous ionization fraction to reach 100% over
portions of the discharge chamber. Therefore, like all of the quantities used to
characterize the global thruster properties, the ionization fraction defined in Eqn.
4-28 should be interpreted as a characteristic, or average, ionization fraction. In a
300 V Hall thruster operating at greater than 50% efficiency, a typical value of the

singly-charged mass utilization efficiency is around 90%, the ion velocity is about 20
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km/s and the neutral velocity is about 0.4 km/s. Applying Eqn. 4-28, these
conditions equate to an ionization fraction of only 15%, which is in good agreement

with the ionization fraction computed by Haas [135] from probe measurements.

4.3.3 Voltage utilization efficiency

Ideally, ions would be accelerated over a potential drop equal to the discharge
voltage. However, cathodes typically float between 10-20 V below spacecraft ground
[32, 58, 172] and the plasma potential several thruster diameters downstream of the
exit can still be 5-10 V above spacecraft ground (e.g., see Ref. [205, 206] or section
11.3). Both of these effects lower the maximum accelerating potential that an ion
can be accelerated through to produce thrust (see Figure 10-12 for more). Further,
because ions are created in the discharge chamber at different axial locations, the
plasma exhaust has a spread in ion velocities [29, 207, 208], as each ion is
accelerated by the voltage drop corresponding to where it was created. The average,
axial exit velocity for the thruster as a whole is also affected by the ionization
potential of the propellant, wall losses, ion charge-state, radial beam divergence, and
plasma oscillations. To take into account all of these factors, an average
accelerating voltage Vi and a loss voltage Vi are defined.??2 The acceleration and loss

voltages are related through the discharge voltage by

V, =V V). (4-29)

The voltage utilization efficiency (sometimes called the acceleration efficiency) is

defined as the ratio of the acceleration voltage to the discharge voltage

22 Despite all the possible loss mechanisms, the average ion energy of a Hall thruster is only 25-50 V below the
discharge voltage. See, for example, Ref. [28, 207] or the results in section 11.4.
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= (4-30)

In a Hall thruster, ion acceleration can be attributed to the axial electric field
through an electrostatic process [2], or equivalently by an electromagnetic
interaction of the azimuthal electron current and radial magnetic field [135]. From
the electrostatic viewpoint, the average exit velocity of the ions can be computed by

applying energy conservation

eV ' =im, <v;>2 . (4-31)

a

The average exit velocity of the ions can then be expressed as

<U;>:\/2€V; :\/2e77:Vd :\/2€(Vd—VZ+), (4-32)

m m m

xe xe xe

and a defect velocity based on the loss voltage [46] can also be defined as

(vi)= 2eVi” (4-33)

m

xe

4.3.4 Performance

With the utilization efficiencies defined, it is now possible to write down
equations for the performance parameters. From Eqn. 4-1, thrust is the product of

the mass flow rate and average exit velocity of ions

g lemv, o [om (V- V)
T =ni (v;) =71, %:nbld St (4-34)

Thrust is therefore proportional to the discharge current (or power), i.e., the thruster

size. Instead of the thrust, the thrust-to-power ratio will be used, since this quantity
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removes the dependence on thruster size from the model. The thrust-to-power ratio

based on the discharge power is

T — 77; 2mxe77U :77_17 2mxe Vd _‘/l . (4_35)
P, eV, v, \ e

From Eqn. 4-17 the anode specific impulse is

I, == =’7—’"1/—2e[Vd V). (4-36)
| mag g mxe

Combining the equations for the defect velocity and anode specific impulse

yields an alternative form of the thrust-to-power ratio

% T E (4-37)
d g sp,a U+ N
P 1 n < l Zﬂm
gIsp,a

Inspection of Eqn. 4-37 shows that the maximum thrust-to-power ratio is at the

specific impulse corresponding to

ok , (4-38)

and maximum thrust-to-power ratio is therefore,

T _ _
&) o

Lastly, from Eqn. 4-18 the anode efficiency is

+_ (T+)2 — + + +_ _ 2 _‘/l+ -
e =(1-¢) 5(1 v J (4-40)

d
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Eqgn. 4-40 shows that the anode efficiency of a Hall thruster is given by the product
of the three utilization efficiencies of current, mass, and voltage when the plasma

consists of only singly-charged ions. In the limit of both high-voltage (7’ ~1) and a
fully-ionized plasma (7, =1), Eqn. 4-40 shows how the anode efficiency

asymptotically approaches the current utilization efficiency.

4.4 Performance model for a multiply-charged plasma

The performance model in section 4.3 considered the utilization efficiency of
current, mass, and voltage for a plasma of singly-charged ions. This is not always
adequate to describe Hall thruster performance, especially at high mass flow rates
and voltages when the effects of multiply-charged ions can no longer be neglected. A
fourth important conversion process in a Hall thruster, the fraction of multiply-
charged ions in the plasma, that is, the charge utilization efficiency, requires several
new definitions and modifications to the singly-charged model. Other researchers
have considered, under certain limiting assumptions, the effects of multiply-charged
ions on the performance of ion thrusters [209] and on Hall thrusters [197, 203, 208].
The model presented here makes none of these assumptions by generalizing to the
case of a partially-ionized plasma consisting of any number of multiply-charged ion

species.

4.4.1 Current utilization efficiency

A multiply-charged ion transports more current than a singly-charged ion
because of the higher charge-state and velocity of the ion (the additional current is
proportional to Z3/2 when accelerated through the same potential as a singly-charged
ion). Consider an ion beam consisting of N charged species (e.g., Xe™, Xe2t, Xe3*, ...,

XeNt). The total beam number density is the sum of each ion species number density
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n, = Zni . (4-41)

(From this point on, all summations will also be for each ion species, i, from 1 to N.)

The species fraction of the i*» ion species is defined as

é,i =—L ’ (4'42)
where,

¢ =1. (4-43)

The total ion current is the sum of each of the ion species currents

I,=>1, (4-44)

and the current of the i ion species is

I, = Ang,(v,) = An.eZ, /2emﬂ _ An,e™ %@Z?Z , (4-45)

where the accelerating potential Vi, and the cross-sectional area of the discharge
chamber A are taken as constants for each ion species. Section 4.4.3 justifies the use
of a constant accelerating potential. Using the same area for each ion species seems
reasonable, since the majority of the ionization occurs upstream of the exit plane.
Even if the area for each ion species differs (perhaps due to sheath effects or
lonization downstream of the exit plane), it is unlikely that the areas would differ
substantially and are therefore taken as constant for each ion species.

The beam current can now be expanded as
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I,=)I = Ae’’n, /ZLZ;Z?Z . (4-46)

The current fraction of the it» species is defined as the ratio of species current

to the beam current
O =ti- &% (4-47)

where,

>0 =1. (4-48)

The current utilization efficiency is still defined as the ratio of the beam to

discharge current

(4-49)

=
1]
~ |;~.

U

Whether or not the current utilization efficiency of a multiply-charged plasma differs
from the singly-charged case depends on the how the models are used. Since the
models are best used to compare with experimental data, it will usually be the case
that the beam current is held constant between the singly- and multiply-charge

models (i.e., 17, =7,). The discharge current is always the same in either model.

Section 4.5 discusses applications of the singly- and multiply-charged models

further.

4.4.2 Mass utilization efficiency

To account for multiply-charged ions, the expression for anode mass flow rate

given by Eqn. 4-23 needs to be modified. The mass flow rate of the i*» ion species is
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mi — xe L: merb &’ (4_50)
e Z, e Z

13

and the mass flow rate of all the beam ions is

m, :Zmi :mx_c]bzg (4-51)
e Z,
The anode mass flow rate can then be expressed as

: : .om I, Q.
m o=m, +m =—25Y g, 4-52
a b n ZZ ( )

n
e

i

With the anode mass flow rate modified for multiply-charged ions, the mass

utilization efficiency becomes

m

. Eﬁ—z=—m§2’5d 2%%%2%- (4-53)
In the literature, the mass utilization efficiency is based, almost without exception,
on the singly-charged plasma definition given by Eqn. 4-26. Under the singly-
charged definition, Hall thruster mass utilization efficiencies are usually greater
than 90%. If the ion species fractions were actually 90% Xe* and 10% Xe?*, the
“true” mass utilization efficiency would be 79%.

When comparing the singly- or multiply-charged models, the beam current is

usually held constant (see section 4.5), which then makes the current utilization

efficiencies equal

my=n; (f1,=1I), (4-54)

and which means the mass utilization efficiencies are related by
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0, Q,
me=ém Y =m Yy W1 =1). (4-55)

Further, if the loss voltage and beam current are set equal to that of a singly-

charged plasma, the ionization fraction of a multiply-charged plasma is

1 1_’7"1} Z

) 25
_ ! 1,-1.V,=V)
1_77;2(Qi/Zi)J<U;>Z§'Z‘I/Z ( )
n;Z(Qi/Zi) <Un> o

(4-56)

1+

where the terms in the summations account for the effects of multiply-charged ions.
Eqgn. 4-56 reduces to Eqn. 4-28 if the plasma is singly-charged. Recall from section
4.3.2 that the ionization fraction based on the assumption of a singly-charged
plasma was 15%. If the singly-charged mass utilization efficiency is 90%, the ion
species fractions of Xe* and Xe2* are 90% and 10%, respectively, and the singly-
charged ion and neutral velocities are 20 and 0.4 km/s respectively, then the
ionization fraction given by Eqn. 4-56 is only 6%. In other words, under typical
operating conditions for 300 V Hall thrusters, the characteristic ionization fraction is

much less than one.

4.4.3 Voltage utilization efficiency

Accounting for multiply-charged ions, the average, axial exit velocity for each

species 1s

()= o 7 (4-57)
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where the accelerating voltage of the i*" species Vi is related to the discharge

voltage and species-dependent loss voltage Vi; through the discharge voltage

V.=V, +V,. (4-58)

The average accelerating voltage of each species can differ by a few volts if
the locations where the ion species are created are spatially separated along the
axial direction of the discharge chamber. Since a Xe* ion would begin to accelerate
downstream after being created, differences in the average accelerating voltage
would result if the ionization occurs through any multi-step process (i.e., as opposed
to a single electron collision with sufficient energy to create a multiply-charged ion).
If multiply-charged ions are created sufficiently far downstream, the divergence
angle of each species would also differ, since the solid angle through which an ion
could escape the discharge chamber without colliding with the wall increases the
further downstream from the anode that the ion is created. Kim and King [204, 208]
have observed, using different types of energy analyzers, that the species-dependent
energy-to-charge ratios (i.e., the average ion voltage, Vi = Wi/qi) were different by a
few tens of volts and that the divergence angle of multiply-charged ions was greater
than the singly-charged ions.23 In addition, both Kim and King observed that the
voltage difference between each species was on the order of the ionization
potential.?¢ For present purposes, assume then that the species-dependent loss

voltage can be modeled as

Vl,i = Vdiv,i +V,

ion, 9

(4-59)

3 If the ionization process resulting in multiply-charged ions is through multiple electron impacts, it should be the case
that the ordering (from highest to lowest) of the Wy/g; ratio would be: Xe*, Xe**, Xe*". Both Kim and King observed an
ordering that was usually: Xe", Xe®*, Xe?", which suggests that the process creating multiply-charged ions is more
complicated than multiple electron impacts.

2% The jonization potentials are 12 eV from Xe to Xe', 21 eV from Xe' to Xe*', and 32 eV from Xe?' to Xe*".
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where Viivi accounts for the loss of axially directed ion velocity due to the species-
dependent divergence angle, and Vi accounts for the difference in potential
between the discharge voltage and the location where the ion is created. A
reasonable estimate for Vien: i1s the total ionization potential (i.e., from a ground
state neutral atom) of the i*» ion species (12 eV for Xe*, 33 eV for Xe?", and 65 eV for
Xe?t).

Even though the loss voltages should be greater for the multiply-charged ions
than the singly-charged ions, the change in the effective exit velocity is relatively
minor because singly-charged ions account for the vast majority of the ions (even at
high-voltage, see section 11.2). Allowing for species-dependent loss voltages, the

effective exit velocity can be expressed as

Q. [2eV, -V,
’ i ’J (4-60)

.
c=1, —

Z Z[ mxe

where the species current fractions appearing in the equation above would be

redefined to account for the species-dependent loss voltages. Using typical values of
n, =90%, species fractions of (&1, &, & = 90%, 9%, 1%), and estimating the loss

voltages by the ionization potentials (Vi1, Vie, Vi3 = 12, 33, 65 V), the effective exit
velocity would be 17 km/s for a discharge voltage of 300 V. In order to match this
effective velocity with a constant loss voltage for each species, the loss voltage would
need to be 13 V, which is only 1 V more than the species-dependent loss voltage of
Xe*. While this example illustrates that the singly-charged ions largely determine
the effective exit velocity, the more important result is that a constant loss voltage
for all species may be used in the performance model without a significant loss of

accuracy. This turns out to be desirable from the standpoint of measurable
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quantities, since most energy diagnostics measure the energy-to-charge ratio of the

ions, which is equivalent to measuring the average loss voltage over all species.
With the considerations above, the loss voltage will be taken as a

constant for all ion species. This modifies Eqn. 4-57 such that the ion velocity

will depend only on the charge-state of the ion

2eV,
(v,) = /m— Z. . (4-61)

The discharge voltage and voltage utilization efficiency can then be expressed,

respectively, as

V, =V, +V, (4-62)
and
\%
=2, 4-63
7, V) (4-63)

4.4.4 Performance

With the modifications to the utilization efficiencies, the performance
parameters of a multiply-charged plasma can now be written down. The thrust

produced by a multiply-charged plasma is

A e (4-64)

The thrust-to-power ratio is more useful since it is independent of thruster

size (see section 4.3.4). The thrust-to-power ratio based on the discharge power is
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T 2mxe77v

Q,
Fd =1, eV, Zﬁ

The anode specific impulse for a multiply-charged plasma is

>
;T _n, [2enV, TVZ_ne /2emvdz 0,
sp.a mag g m,, Z g g m, \/Z’

Z
z,

Finally, the anode efficiency for a multiply-charged plasma is

where the charge utilization efficiency has been defined as

=%

n,=————7" .
q Q.
%

(4-65)

(4-66)

(4-67)

(4-68)

Eqn. 4-67 resembles the singly-charged efficiency given by Eqn. 4-40 except for the

addition of the charge utilization efficiency. Thus, when allowing for a partially-

ionized, multiply-charged plasma, the anode efficiency of a Hall thruster is given by

the product of the four utilization efficiencies of current, voltage, mass, and charge.

The mass utilization in Eqn. 4-67 still includes a term due to multiply-

charged ions. Substituting Eqn. 4-53 into Eqn. 4-67 yields an alternate form of the

anode efficiency given by
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N, = UZMEZ%I = (1——][2 \/_J (4-69)

In the limit of both high-voltage (77, 1) and a fully-ionized plasma (7, =

the anode efficiency asymptotically approaches

lim 7, =1n,7, - (4-70)

/- -1

It turns out that the charge utilization efficiency remains above 90% for reasonable
values of the species fractions. As an extreme example, for species fractions of 50%
Xe*, 25% Xe?t, 15% Xe3", and 10% Xe?*, the charge utilization efficiency is still
93.5%. Therefore, it is still accurate to say that the anode efficiency of a Hall

thruster is primarily limited by the current utilization efficiency.

4.5 Model applications

To use the performance model requires that the system, thruster, and plasma
parameters are available (see Table 4-1). The system parameters are the PPU
efficiency and the power required by the XFC and DCIU. The thruster parameters
are the discharge voltage and current, the anode and cathode mass flow rates, and
electromagnet power. The plasma parameters are the loss voltage, electron current
(or beam current), and species fractions (multiply-charged model only). If the model
1s used to compute one of the plasma parameters, then the performance parameters
are needed: thrust, specific impulse, and efficiency. Regardless of how the models
are used and unless noted otherwise, the system and thruster parameters are
considered constants between the singly- and multiply-charged versions of the
model. Whether the plasma or performance parameters are constant depends on

how the model is used.
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Table 4-1 Parameters needed by the model to compute performance.

System Parameters Thruster Parameters Plasma Parameters

nepu, Pxrc, Ppcru Vi, Ia, m,, m,, Pnag Vi, ¢ &

a’

When the model is used to compute performance, the plasma parameters are
needed. Since in most cases the plasma parameters are not known for each thruster
or have never been measured (most of the literature is devoted to 300 V, 1 kW
thrusters), the model cannot be used to find universal performance trends for Hall
thrusters unless curve fitting is used. Due to the number of free variables involved
in the model, this can lead to inaccurate estimates of the plasma parameters. This
1s probably why Ref. [46, 58] considered models with only two free parameters (loss
voltage and electron current). Excluding the effects of mass utilization and
multiply-charged ions from those models led to overestimates of the loss voltage and
beam current from the “true” values. Ref. [197] partially improved the situation by
adding multiply-charged ions, but was still limited to a single set of species
fractions, fully-ionized plasmas, and voltage-independent electron current and loss
voltage.

However, the best use of the model is not to universally describe Hall
thruster performance, but as a means to study the performance of individual
designs. When the performance and plasma parameters for a specific thruster are
available, the model can be used to correlate changes in performance with operating
conditions and the plasma parameters. In Chapter 12, the model is used to compute
the electron current from measurements of the loss voltage, species fractions, and
performance parameters. An analysis of the utilization efficiencies is then used to
correlate changes in the measured performance to specific plasma parameters (e.g.,

the electron Hall parameter).
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Before concluding this chapter, a few example cases illustrating how

multiply-charged ions affect performance are discussed. These examples are meant

to highlight the major trends that can be expected when the model is used in

Chapter 12. Three cases are considered in sections 4.5.1-4.5.3:

1.

I, >1,, n, =n, —The multiply-charged beam current is greater than
the singly-charged beam current (recall that m,Z =m]). dJust how

much greater is arbitrary, but for the sake of comparison the mass

utilization efficiencies are set equal (7, =7, ).

I, =1, n, <n, —The beam current is the same in either model. In
this case, adding multiply-charged ions to the current decreases the
mass utilization since the anode mass flow rate is also constant
(m, =m,).

I, =1,, n,=n, —The beam current and the mass utilization are the
same in either model. To satisfy this condition, the anode mass flow
rate from the multiply-charged model must be less than the singly-
charged model (m, <m ). This case is a generalization of the model
in Ref. [197], which was limited to a fully-ionized plasma (100% mass

utilization).

For each of the cases above, the loss voltage and species fractions also need to be

specified. For the purposes of comparison, the species fractions can be considered as

known values. Since the multiply-charged model uses an average loss voltage over

all species, it is also the case that the singly- and multiply-charged loss voltages are

approximately equal
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V=V 4-71)
This 1s a valid approximation as long as singly-charged ions dominate the flow,

which is apparently the case for sub-kilovolt discharge voltages (see section 11.2).

4.5.1 Constant mass utilization efficiency

The first case adds multiply-charged ions to the beam while the mass

utilization remains constant

Mo = Ty » (4-72)

Constant mass utilization means that the beam current increases due to multiply-

charged ions according to

I, = - (4-73)

my=—L—. (4-74)

Taking V, = V" and assuming that the species fractions are known, the performance

parameters are related by

>
:(EJ =z 1>(£J , (4-75)
Pd & Pd Pd

2,

i

T
Pd
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Q,
Z 13
1,.=1I; VZ > T (4-76)

sp.a®

N, =1, O = n,>1,- (4-77)

The terms due to multiply-charged ions are always greater than one. Therefore, if
the mass utilization is constant, the performance parameters of a multiply-

charged plasma are always greater than those of a singly-charged plasma.

4.5.2 Constant beam current

The second case adds multiply-charged ions to the beam for constant beam

current

I,=1;. (4-78)

Since the discharge current is constant, the current utilization is also constant

My =1 « (4-79)

Constant beam current means that the mass utilization decreases due to multiply-

charged ions according to

Q Q.
M, = 5%27 = 77,227- (4-80)

The quantity given by the summation in Eqn. 4-80 is always less than one.
Therefore, if the beam current is constant, the mass utilization efficiency of a

multiply-charged plasma is always less than that of a singly-charged plasma. Note
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that if the multiply-charged mass utilization is 100% and the anode mass flow rate
1s constant, then the singly-charged mass utilization will exceed 100% by an amount
given by Eqn. 4-80.

Taking V, =V, and assuming that the species fractions are known, the

performance parameters are related by

T (T« Q T (TY
- = — —_— == —<| — ’ (4'81)
P, (PdJZ\/Zi B, [de

(4-82)

_ +
s,a_ epaz\/— = I <‘Ibpa’

2
Q.
N, = m{ZF’} = 1, <n,. (4-83)

The terms due to multiply-charged ion are always less than one. Therefore, for
constant beam current, the performance parameters of a multiply-charged

plasma are always less than those of a singly-charged plasma.

4.5.3 Constant beam current and mass utilization efficiency

The third case adds multiply-charged ions to the beam if the beam current

and mass utilization both remain constant
I, =1. (4-84)

Mo = Ty » (4-85)

Since the discharge current is constant, the current utilization is also constant

My =1 « (4-86)
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Constant mass utilization at constant beam current requires that the anode mass

flow rate of the multiply-charged model decrease according to

(4-87)

Taking V, =V;" and assuming that the species fractions are known, the

performance parameters are related by

1{1]2& - T (1}
P, | P, JZ. P \P )’

spa spa Q, = Isp,a > Isp,a’
z,
2
Qi
7. =mT =>n, <1,

2

i

(4-88)

(4-89)

(4-90)

In the equations above, the terms appearing due to multiply-charged ions are

greater than unity for the thrust and efficiency, but less than unity for the specific

impulse. Therefore, for constant beam current and mass utilization

efficiency, the thrust and efficiency of a multiply-charged plasma are

always less than those of a singly-charged plasma while the specific

impulse is greater. By allowing for a partially-ionized plasma, this case can be

considered a generalization of the model used in Ref. [197], which assumed a fully-

ionized (100% mass utilization) plasma.
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Although the approach had limitations, the results of Ref. [197] are an
example of how the model can be practically implemented for studies of Hall
thruster performance at various operating conditions. In Ref. [197], the plasma was
assumed to be fully-ionized, the species fractions for the multiply-charged model
were taken from experimental measurements of 300 V thrusters [29, 207], and the
remaining plasma parameters (loss voltage and electron current) were assumed to
be constant with discharge voltage. These approximations simplified the analysis,
but at the cost of overestimating the loss voltage and electron current from their
true values (see section 4.5). Despite these limitations, the results of Ref. [197] were
still found to lend insight on the performance behavior of high-power Hall thrusters.
It is very important to emphasize that the model in Ref. [197] was aimed specifically
at high-power Hall thrusters so that the mass utilization efficiency could be
approximated as 100%.

Under the assumptions of Ref. [197], the loss voltage and the electron current

fraction were fit to data sequentially because the performance parameters of a fully-

ionized plasma (with 7, =7, =1) are given by

I, _1 2V, -V, ZF FZ\/; (4-91)
g m,, Z i

Z. Z.

i i

7, —(18){1—J(Z 4/_ ] =7, (Zgé/ij : (4-92)
Z Z,

12 _ mee Vd_‘/l Qi _ l ’ & 4-93
A N L o
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Since the specific impulse was only a function of the loss voltage, plots of
specific impulse versus discharge voltage were used to find the best fit for the loss
voltage. With the loss voltage determined, plots of efficiency versus discharge
voltage were used to find the best fit for the electron current fraction, which then
allowed the thrust-to-power ratio to be computed. A loss voltage of 50 V and
electron current fraction of 0.26 were found to fit the available data the best. Table
4-2 summarizes the species fractions that were used. Figures 4-1 through 4-3 show
the variation of the performance parameters with discharge voltage from the singly-
and multiply-charged models of Ref. [197]. Data from the NASA-457M [47], which

were not available when Ref. [197] was originally published, are included here.

Table 4-2 Ion species fractions from Ref. [29, 207] used in the fully-ionized,
multiply-charged plasma performance model of Ref. [197]. Species
current fractions, and several terms used in the multiply-charged
performance model are also shown.

Important Summations

Q, 2
o [ |- = ]
Species Fractions Species Current Fractions Z, \/Z z& ?ﬁ
Xe+ Xe2+ Xe3+ Xe+ Xe2+ Xe3+ Z; 2 A ;
SPT-100, King 0.888 0.110 0.002 0.734 0.257 0.009 0.866 0.921 1.064 0.980
P5, Gulczinski 0.925 0.068 0.007 0.802 0.167 0.032 0.896 0.938 1.047 0.982
Average 0.907 0.089 0.005 0.767 0.213 0.020 0.880 0.929 1.056 0.981

The model predictions from Ref. [197] could have benefited from including the
mass utilization efficiency and by allowing for variable electron current. Adding
these features would have improved the predictions of efficiency and thrust-to-power
ratio, especially for the low-voltage data from the T-220 and the high-voltage data
from the NASA-457M, but at the expense of adding free parameters to the model.

Two important results came from the model predictions:

1. The singly- and multiply-charged models bounded the experimental

data reasonably well over a large range of voltage and power.
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Although the plasma parameters were best-fit estimates, the ability to

bound the performance with a simple model is a useful tool for

thruster design and mission analysis.

Second, as the discharge power increased, performance was found to

match the multiply-charged model more closely, especially at high-

voltage. This was later confirmed in a performance characterization of

the 50 kW NASA-457M [47] (some of the NASA-457M data from Ref.

[47] are included here).
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Figure 4-2 Anode efficiency versus discharge voltage from the fully-ionized

plasma performance model of Ref. [197]. The loss voltage was 50 V,
and the electron current fraction was 0.26.
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Figure 4-3 Thrust-to-power ratio versus discharge voltage from the fully-
ionized plasma performance model of Ref. [197]. The loss voltage
was 50 V, and the electron current fraction was 0.26.

4.6 Conclusions

A phenomenological Hall thruster performance model has been developed for
the case of a partially-ionized, multiply-charged plasma accounting for the
utilization efficiencies of current, mass, voltage, and charge. The model can be used

to predict the system or thruster level performance of a Hall thruster provided that
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the necessary inputs are available. A simplified version of the model that assumed a
fully-ionized, multiply-charged plasma has been shown to bound Hall thruster
performance over a wide range of operating conditions. The true utility of the
model, however, is not in examining Hall thrusters in general, but in studying
specific designs. When combined with plasma measurements from a thruster, the
model can be used to gain considerable insight on internal thruster processes that
would not otherwise be possible. In Chapter 12, the model is used to compute the
utilization efficiencies and to assess how their relative variation with operating

point correlate with changes to the plasma.
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Chapter 5

Hall thruster magnetic field topography

In Chapter 3, a qualitative analysis of the electron dynamics showed the
importance of the magnetic field in Hall thruster design. In this chapter, an
overview of Hall thruster magnetic circuits is discussed to provide the necessary
background for those unfamiliar with the subject. This is followed by a literature
review of the magnetic field topography?® in Hall thrusters that focuses on the key
features common to efficient designs. In the last part of this chapter, an initial set of
experiments are discussed that had as their goal to understand how the field line
inclination and the axial gradient of the magnetic field affect plume divergence and
focusing. The results of these early experiments indicated that a plasma lens
magnetic field topography would be necessary for high-specific impulse Hall

thrusters.

5.1 Magnetic circuits

5.1.1 Governing equations

Magnetic circuits are governed by two of Maxwell’s equations [210]

V-B=0, (5-1)

5 Magnetic field topology is frequently confused in the literature with magnetic field topography. The root “topo-* is
from the Greek “topos” which translates to “place.” As defined in Webster’s dictionary, topology is a “topographical
study of a particular place.” Topography is defined as “the configuration of a surface including its relief and the
position of its natural and man-made features.” That is, topology is the study of topography and a person that designs
magnetic circuits is properly called a magnetic field topologist.
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Vxﬁ:;+go%, (5-2)

where B is the magnetic flux density, H isthe magnetic intensity, j 1s the current

density, E is the electric field, & is the permittivity of free space, and t is time. The

magnetization M of the ferromagnetic pole pieces is related to the magnetic

intensity and the magnetic flux density by

M=y H, (5-3)

B=p B +M)=p,(1+ ,)H = uH (5-4)

where ym is the susceptibility of the material, x is its permeability, and u is the
permeability of free space.

In a Hall thruster, the self-magnetic field produced by the azimuthal electron
current has a magnitude of only a few Gauss [143]. Since the applied magnetic field
1s on the order of a few hundred Gauss, self-fields from plasma currents can be
neglected. The electric field and characteristic frequency of a Hall thruster plasma
i1s on the order 20 V/mm and 20 kHz, respectively, resulting in a negligible
contribution from the displacement current [142]. Under these conditions, Ampere’s

law (Eqn. 5-2) outside the magnetic circuit reads

VxH=0. (5-5)

Inside the magnetic circuit, the coils are usually driven by steady electrical currents

and Ampere’s law reads

VxH=j. (5-6)
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When analyzing a magnetic circuit, the integral forms of Eqns. 5-1 and 5-2

are more convenient. These are obtained by applying Gauss’ theorem to Eqn. 5-1

HB.ﬁdszo. (5-7)

and Stokes’ theorem to Eqn. 5-6
$H-dl =[[j-ndS. (5-8)

5.1.2 C-core magnetic circuit

The typical C-core magnetic circuit shown in Figure 5-1 can be used to
illustrate the major features of most magnetic circuits [211]. The circuit consists of
a coil winding wrapped around a ferromagnetic core with a constant cross-sectional
area An and mean length L». For present purposes, the core material is assumed to

have a constant permeability ux, =B, /H, . A current I is supplied to the winding of

N. turns to produce a magnetic flux ®. The core material guides the flux from the
coil into the vacuum gap of length L; and effective area A;. The gap distance is
assumed small enough that the flux density Bs; across the gap can be assumed
constant. The effective area is larger than the geometric area because of field
fringing across the gap.

If flux leakage outside the core is neglected, applying Eqn. 5-7 across the

interface between the core and the gap shows

B,A, =B,A, =® =constant. (5-9)

Applying the integral form of Ampere’s law the magnetic flux density in the gap is

given by
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B — lLlONCIC R (5—10)

8 A
(Lg + e Ao LMJ
A, u,

For a given magnetomotive force F,  =N_I  supplied by the winding, Eqn. 5-10

shows that the flux density in the gap can be maximized by

1.

2.

Figure 5-1

minimizing the gap distance Lg and effective area Ag,
maximizing the cross-sectional area of the core An,
decreasing the length of the circuit Ln, and

using a core material with a large permeability zm.

Lm
Bm ( Ferromagnetic Core \
it )
Bg " /—Vacuum gap
_\\g
- ]
Ne Ac | =L
— da
o——

N\ J

Schematic of a C-core magnetic circuit consisting of a coil winding,
ferromagnetic core, and vacuum gap.

5.1.3 Hall thruster magnetic circuit

In a Hall thruster, the magnetic circuit design is a significantly more complex

situation than the C-core discussed in the previous section. The circuit equivalent of

the Hall thruster in Figure 3-1 is shown in Figure 5-2. Each section of the magnetic

circuit 1s represented by an equivalent “resistance” given by a reluctance

Rs = LS/ILISA ‘

The coils appear as “voltage” sources that supply a magnetomotive
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force Ncl.. The magnetic field topography in the discharge chamber is determined
primarily by the reluctances across the inner and outer front poles and the inner
and outer magnetic screens. The front pole pieces determine where most of the
magnetic flux is applied across the gap. The screens shape the magnetic field
topography in the channel by redirecting a portion of the magnetic flux. This serves
to lower the magnitude of the magnetic field in the upstream portion of the

discharge chamber, which increases the axial gradient of the radial magnetic field.

Rofp Rdc 1 Rifp

A AW —
= =

NocIoc ___ Ros Ris ___ NicIic

A AN — W —

Rups Rbp2 Rup1

Figure 5-2 Electric circuit equivalent of the magnetic circuit from Figure 3-1.

As an example, the NASA-173Mv1 magnetic circuit produces the magnetic
field topography shown in Figure 5-3. Axial profiles of the radial and axial
components of the magnetic field are shown in Figures 5-4 and 5-5, respectively.
Due to the magnetic screens, the radial magnetic field decreases from the exit plane
to the anode which in turn decreases the radius of curvature of the field lines (i.e.,
the concavity increases). In Chapter 7, the magnetic field topography of the NASA-

173Mv1 is discussed further.
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As in any engineering endeavor, the design of a magnetic circuit is
constrained by the requirements of the particular application. The application is
usually specified as a certain range of thruster operating conditions that dictate the
shape and strength of the magnetic field. The resulting process of designing the
magnetic circuit is an optimization problem that involves a large number of free
variables governed by a set of non-linear equations, where the appropriate

combination of materials, pole piece geometry, and coil design must be determined

U

Figure 5-3 Magnetic field topography of the NASA-173Mv1. The field lines form
what is commonly referred to as a plasma lens.

[211-213].
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Figure 5-4 Radial magnetic field profiles of the NASA-173Mv1 normalized by the
maximum value on centerline.
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Figure 5-5 Axial magnetic field profiles of the NASA-173Mv1 normalized by the
magnitude of the maximum field on the inner wall.

While it is possible to study the magnetic circuit analytically [214], the
simplifications and assumptions that are required to make tractable progress result
in solutions with a limited range of applicability. To obtain accurate results a
computer simulation is typically employed. The three-dimensional, magnetostatic,
finite-element solver Magnet 6 by Infolytica was used to design the NASA-173M
Hall thrusters. The code allows the user to explore the design space of a given
magnetic circuit through advanced parameterization methods, which has enabled

the simulation of literally hundreds of different magnetic circuit configurations.
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Repeated comparisons between predictions from Magnet and measurements of the
magnetic field using a Hall probe connected to a Gaussmeter have shown agreement
to within £10%. The comparisons have shown that the uncertainty was determined
primarily by positional and alignment errors of the Hall probe rather than the
accuracy of Magnet. The agreement between Magnet and the fabricated thrusters

has been confirmed on several NASA Hall thrusters, including the NASA-457M [47].

5.1.4 Trim coils

Figure 5-6 is a schematic of a Hall thruster that uses an internal trim coil
(ITC) and an external trim coil (ETC). As defined here, a trim coil is any coil used in
a Hall thruster besides the inner and outer coils. The NASA-173Mv1, discussed in
Chapter 7, makes use of an internal trim coil. The NASA-173Mv2, discussed in
Chapter 8, makes use of both an internal and external trim coil. Trim coils are used
to provide additional control of the magnetic field topography beyond that afforded
by the inner and outer coils. A more precise method for sculpting the field would be
to change the pole pieces, but this is prohibitively time-consuming and expensive
from the perspective of a research program. Trim coils are most useful in identifying
an optimum magnetic field configuration that can be later used in follow-on versions
of a thruster. Such an approach was adopted with the NASA-173Mv2, which is
based on experiments with the internal trim coil in the NASA-173Mv1.

Trim coils have been used extensively in Hall thrusters for decades, dating
back at least to the work of Morosov, et al. [134, 145] (see section 5.2.1-5.2.2).
Recently, Kim has experimented with internal trim coils on xenon and krypton

mixtures [118, 120]. Other implementations of internal trim coils are discussed in
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Ref. [215-218]. Ref. [219] discusses the use of external trim coils and pole pieces to

affect plume divergence and thrust vectoring in an SPT-100.
External
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Figure 5-6 Cross-sectional schematic of a magnetic layer Hall thruster with
internal and external trim coils (not to scale).

The internal trim coil shown in Figure 5-6 primarily affects the radial
magnetic field in the discharge chamber. Depending on the direction of the coil
current, the radius of curvature of the field lines (i.e., the axial gradient of the
magnetic field, VzB;) can be altered. By convention, a negative current subtracts
from the radial magnetic field and increases V:B,. The effects of positive and
negative current on the centerline profile of the radial magnetic field are shown in

Figure 5-7. Note how the influence of the internal trim coil is greatest near the
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anode. Figure 5-8 shows how a negative coil current decreases the radius of
curvature of the field lines (i.e., negative coil current increases the concavity) and

Figure 5-9 shows how positive coil current has the opposite effect.
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Figure 5-7 Radial magnetic field profiles of the NASA-173Mvl showing the
effects of the internal trim coil (ITC) on the axial gradient of the
radial magnetic field.

The external trim coil shown in Figure 5-6 primarily affects the magnetic
field outside of the thruster’s magnetic circuit in the vicinity where the cathode is
usually mounted (see Figure 3-1). Figure 5-10 shows the field lines around a Hall
thruster without energizing the external trim coil (ETC = 0 A) and when a negative
current is supplied to the external trim coil (ETC < 0 A). With a negative current on
the external trim coil, the field line inclination is increased towards the radial

direction in the figure.

104



Figure 5-8 Magnetic field topography of the NASA-173Mv1l when the internal
trim coil is energized with a negative current. Negative current
increases the concavity of the plasma lens from the configuration
shown in Figure 5-3.

Figure 5-9 Magnetic field topography of the NASA-173Mv1l when the internal
trim coil is energized with a positive current. Positive current
decreases the concavity of the plasma lens from the configuration
shown in Figure 5-3.
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Figure 5-10 Effect of an external trim coil (ETC) on the magnetic field
topography around a Hall thruster. Left - ETC current = 0 A. Right -
ETC current <0 A.

5.2 Review of Hall thruster magnetic field topography

The earliest Hall thrusters were designed so that the magnetic field was as
radially uniform as possible across the channel, presumably in an attempt to
minimize electron leakage to the anode [148]. This was a seemingly reasonable
approach based on the fundamental operating principles of Hall thrusters (see
section 3.1.2). However, it was quickly discovered that such designs were inherently
unstable and inefficient (ironically, because of enhanced electron current). To
achieve an efficient design, the shape of the magnetic field must also be considered.

In section 3.1.2, the existence of an optimum Hall parameter and magnetic
field strength yielding maximum thruster efficiency was discussed. Magnetic field

strength is important when considering basic scaling but fails to address the more

—
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important effects of magnetic field shape on thruster efficiency. In this section,
studies on Hall thruster magnetic field topography dating to the 1960’s are
reviewed. The seminal work of Morosov, et al. [11, 134, 145] first revealed how the
magnetic field is instrumental in minimizing the electron current and focusing the
ions. Research on magnetic field topography has been on-going ever since, mostly on
1600 s specific impulse Hall thrusters [2, 3, 121, 218, 220-222]. As shown in later
chapters, these basic ideas are still valid at high-specific impulse when properly

modified for the change in operating conditions.

5.2.1 Thermalized potential

The cross-field electron mobility is severely restricted in a Hall thruster by
the application of a radial magnetic field (see section 3.1.3). However, due to field
fringing across the discharge chamber, axial magnetic fields are present that give
the magnetic field lines curvature. In this section, it is shown how the shape of the
magnetic field lines can be exploited to control the electric field distribution.

In the direction normal to the field lines, the arguments from section 3.1.3
apply, that is, the electron cross-field mobility is reduced. However, parallel to the
field lines the electrons are essentially unimpeded. Following Morosov, ef al. [11,
145], the steady-state electron momentum equation along a magnetic field line

neglecting the electron inertia and collisions is given by

o¢ _ 1 op,

- . 5-11
oy en, Oy ( )

where w denotes the unit vector directed parallel to the line of force, ¢ is the plasma
potential, and p. is the electron pressure. If the electron temperature is constant

along a magnetic field line designated by an index y
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T,=T(y), (5-12)

then Eqn. 5-11 can be integrated to obtain an expression for the plasma potential

along the field line

e n

o

6=o(y)+ Mln{&] : (5-13)

where n, is a reference density and ¢(y) is the so-called “thermalized potential.”
Since the thermalized potential is constant along a given field line, the plasma
potential along a magnetic field line varies only by the logarithm of the density
variation (the density varies roughly by a factor of five). Thus, to an accuracy on the
order of the electron temperature (k7./e), magnetic field lines form equipotentials of
the electric field. It turns out that the electron pressure cannot be neglected over
large portions of the discharge chamber. Nonetheless, the idea that magnetic field
lines influence the shape of the electric field has proven to be an invaluable tool in
Hall thruster design for decades [3]. Numerical simulations have also made use of

the thermalized potential [144, 147, 223].

5.2.2 Axial gradient of the radial magnetic field

In Ref. [134], Morosov et al. studied how the axial variation of the radial
magnetic field affected thruster operation. Specifically, the axial gradient of the

radial magnetic field V_B, was varied along the discharge chamber centerline (i.e.,

along the average radius rag = (rourtrin)/2, where rox: was defined as the radius of the
outer wall and ri» was the radius of the inner wall. It is important that the field

lines were also reported to be symmetric about rag. Three cases were considered:
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1. V_.B, > 0 — (positive gradient) where the magnetic field increased

from the anode and peaked near the exit (see Figure 5-7),

2. V_.B, = 0 — (uniform gradient) where the magnetic field was uniform

from the anode to the exit, and

3. V_.B, < 0 — (negative gradient) where the magnetic field decreased

from the anode towards the exit.

The study found that the electron current fraction (l./1;) for the negative
gradient was 0.85, for the uniform gradient, it was 0.5, and for the positive gradient,
it was 0.35. The markedly higher electron transport for the negative gradient was
attributed to an increase in plasma oscillations. The uniform gradient was
apparently a marginally stable condition. The problem was also considered
theoretically and it was shown how a plasma flow across a decreasing magnetic field
is unstable. Largely because of this study, modern Hall thrusters satisfy the

condition
V_B, >0. (5-14)
5.2.3 Modern magnetic field topography
The work of Morosov, et al. established the importance of magnetic field
topography in focusing ion trajectories and in minimizing electron current [11, 134,

145]. It was also recognized very early that a field line topography that is symmetric
about the channel centerline was beneficial to thruster efficiency [2, 3]. When V B,
1s positive and the field lines are symmetric about the channel centerline, the
concavity of the field lines will tend to point downstream. Since field lines
approximate equipotentials of the electric field, ion trajectories should focus on the

channel centerline as a result. (Such a configuration is commonly referred to as a
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plasma lens [2, 221].) However, the concavity and symmetry of the field lines alone

are not sufficient to achieve adequate focusing. The value of V B, is important in
this respect. Studies have shown that the value of V B, affects the focusing

qualities of the magnetic field [2, 121, 224]. Specifically, it has been found that there

is an optimum value of V_B, resulting in minimum plume divergence and
maximum ion yield. The benefits of changing V_B, have been correlated to changes

in the thickness and position of the ionization and acceleration zones, which have
been found to be roughly separated at the point along the channel where
B =0.8xB

[121]. Assuming that the field lines remain symmetric, then the

focusing properties of the magnetic field can be characterized by the axial profile of
the radial magnetic field along the channel centerline (see Figure 5-7), or more

simply, by the average value of V_B, .26

The “first generation” of magnetic layer thrusters from Fakel (the SPT series)
had magnetic circuits that induced large radial ion velocities [222], which in turn
resulted in high beam divergence, high erosion rates, and low efficiency.
Apparently, this was because the magnetic circuits did not provide the required
gradient in the magnetic field. It was not until as late as 1992 that the “second
generation” SPT’s were developed [16]. The major change with these thrusters

appears to be the use of magnetic screens (see Figure 5-6) to increase V_B, and
create a zone of zero magnetic field near the anode [121, 218]. Internal trim coils
have also been used to control V_B, in the second generation thrusters [218]. These

thrusters reportedly achieve a better correlation between magnetic field lines and

equipotentials of the electric field [222]. The improved focusing decreases beam

%6 This is the reason that most of the Russian literature only show the centerline profile of the radial magnetic field.
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divergence and erosion while improving thruster efficiency. The field line shape in
one of these modern designs, the SPT-100ML, has only a moderate degree of
curvature [215] (i.e., the field lines are mostly radial, similar to Figure 5-12).
Finally, it is worth noting that the lifetime of the modern day SPT-100 has
demonstrated over 7000 hours of operation [24].

As discussed in Chapter 1, the majority of research in Russia has been
concerned with the development of 1600 s specific impulse Hall thrusters resulting
In magnetic circuit designs optimized for those operating conditions. The efficiency
peak that was observed in the Fakel SPT-1 and other thrusters (see Chapter 3)
strongly suggested that the magnetic field at high-specific impulse would need to be
different from that at 1600 s in order to achieve efficient operation. Accordingly, the
NASA-173M thrusters were developed to explore how magnetic field topography
should be changed to improve efficiency at high-specific impulse. This was primarily
done by increasing the concavity of the plasma lens from the nearly radial
configuration that is used, for example, in the SPT-100ML [215] or the UM/AFRL P5
(see Figure 5-12).27 There will be more to say about the plasma lens used in the

NASA-173M thrusters in Chapter 7.

5.3 Preliminary plume focusing experiments

Prior to designing the NASA-173Mvl, a series of experiments that
investigated possible improvements to the focal properties of the UM/AFRL P5 Hall
thruster were conducted. These experiments provided the initial insight on how the
design of a high-specific impulse Hall thruster should proceed. The major findings

from these experiments are summarized below.

" It is unclear whether the SPT-100ML field line topography is indicative of all modern SPT’s developed in Russia.
For example, Ref. [121, 220] shows field lines with a high degree of curvature.
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5.3.1 UM/AFRL P5 Hall thruster
The laboratory model P5 was developed by PEPL and AFRL to serve as a

test-bed for new diagnostics and for investigating Hall thruster physics [135, 203,
225]. Depicted in Figure 5-11, the P5 has a discharge chamber outer diameter of 173
mm, a channel width of 25 mm, and a channel depth of 38 mm. While the nominal
operating power of the P5 is 5 kW, the thruster has demonstrated sustained
operation in excess of 9 kW. Most relevant to the present study is that the P5
magnetic field lines are directed primarily in the radial direction. The nominal field
line configuration of the P5 is shown as Case 1 (Baseline) in Figure 5-12. A more
detailed description of the thruster and its performance characteristics can be found

in Ref. [135, 200, 203, 225].

Figure 5-11 Photograph of the UM/AFRL P5 Hall thruster.

Researchers at PEPL have subjected the P5 to a battery of diagnostics that
have characterized the thruster performance and plasma properties. In particular,
Ref. [207, 226] have concluded via laser induced fluorescence and ion energy
diagnostics that the plume focal point was within a few tens of centimeters of the
thruster exit plane. Ion current density measurements at 50 and 100 cm from the
thruster exit plane have confirmed these conclusions by showing angular

distributions with only a single maximum on thruster centerline. The 100 cm data
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are shown in Figure 5-13 as Case 1. The 50 cm data are not shown here but can be
found in Ref. [135].

Commercially developed thrusters such as the SPT-140 or BPT-4000 exhibit
a double peak structure in the ion current density profiles at distances of 100 cm [55,
227]. (An example of a double peak profile is shown in Figure 7-37.) A double peak
structure is usually attributed to the plasma jets emanating from either side of the
annular discharge chamber. The double peak implies that the plume focal length of
these thrusters is greater than 100 cm. It was decided to investigate whether the
focal properties of the P5 could be improved by altering the magnetic field

topography.

5.3.2 Experiments to extend the P5 plume focal length

A numerical and experimental investigation of the effect of magnetic field
inclination on the P5 plume characteristics was conducted. The study employed a
commercial 3D magnetostatic computer solver, Magnet 6 by Infolytica, and
experimental measurements of the ion current density. Different magnetic circuits
were investigated numerically and subsequently tested by modifying the P5
magnetic circuit and then operating the thruster in the LVTF at the University of
Michigan (see section 6.2.1). The numerical solutions from Magnet and
measurements using a Gaussmeter agreed to within £10%. The ion current density
measurements used a nude Faraday probe identical to the one used in Ref. [228] and
similar to the probes described in section 6.3.2. The goal of these experiments was
to determine whether the focal length and plume divergence of the P5 could be

improved by altering the inclination of the magnetic field lines. A secondary goal
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was to examine what effect the axial magnetic field gradient had on plume
divergence.

The tested field line topographies are shown in Figure 5-12 as Case 1 through
Case 4. Case 1 is the nominal, or baseline configuration of the P5. Note that the
field line topography of Case 1 was mostly in the radial direction and is symmetric
about the channel centerline over most of the discharge chamber. Case 2 considered
field lines that were inclined towards thruster centerline in a convergent pattern.
Case 3 considered a divergent field line pattern from thruster centerline. Note that
Case 2 and 3 were not symmetric about the channel centerline. In Case 4, the field
lines were mostly radial and symmetric like Case 1. However, for Case 4 the
magnetic screens (see Figure 5-6) were removed from the P5. Removing the
magnetic screens substantially decreased the axial gradient of the radial magnetic
field. This is because the screens act to create a zone of low magnetic field near the
anode. When the screens were removed, the magnetic field at the anode increased
and the axial gradient of the magnetic field decreased.

To quantify the differences between the cases, the dimensionless magnetic
field gradient defined by Eqn. 7-4 was calculated. Table 5-1 shows the
dimensionless magnetic field gradient for Cases 1-4. Cases 1-3 were approximately
the same, but Case 4 was 44% less than the baseline of Case 1. The similarity of the
magnetic field gradients between Cases 1-3 meant that differences in the plume
characteristics could be attributed to changes made to the field line inclination.
Case 4 was tested to examine how the magnetic field gradient influenced the plume

characteristics while maintaining a similar field line topography to Case 1.
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CASE1 CASE?2 ?
(BASELINE)
% /
CASE3 \ CASE 4 \
Figure 5-12 Magnetic field topography for different magnetic circuit
configurations of the P5. Case 1 - baseline configuration with field
lines aligned radially, perpendicular to the thrust axis. Case 2 -
convergent field lines. Case 3 — divergent field lines. Case 4 - field
lines without magnetic screens.
Table 5-1 Dimensionless magnetic field gradient defined by Eqn. 7-4 of the P5

for each magnetic field topography shown in Figure 5-12.

Case 1 Case 2 Case 3 Case 4

0.79 0.83 0.88 0.44
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For each case, the P5 was operated at a constant 300 V discharge voltage and
discharge currents of 5, 10, and 15 A. Profiles of the ion current density were
measured for each case and operating condition. Figures 5-13 through 5-15 compare
the ion current density profiles of Case 2, 3, and 4 to Case 1, respectively. There
were substantial differences between Cases 2-4 with the baseline in Case 1, mostly
due to higher current density at large angles from centerline. Case 4 also showed a
much lower current density on centerline than Case 1. None of the cases resulted in
a double peak profile in the current density profiles. This indicated that Case 2 and

3 were unsuccessful in extending the plume focal length beyond 100 cm.
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Figure 5-13 Ion current density versus angular position from thruster centerline
for case 1 and case 2 of the P5 shown in Figure 5-12. (300 V discharge
voltage)
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Figure 5-14 Ion current density versus angular position from thruster centerline
for case 1 and case 4 of the P5 shown in Figure 5-12. (300 V discharge
voltage)
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Figure 5-15 1Ion current density versus angular position from thruster centerline
for case 1 and case 4 of the P5 shown in Figure 5-12. (300 V discharge
voltage)
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To quantify the differences between each case, the 95% plume divergence

half-angles (see section 6.3.2) were calculated from the ion current density profiles.

The results of the calculations, shown in Figure 5-16, indicated that the baseline

configuration (Case 1) resulted in the lowest plume divergence while Case 4

exhibited the highest plume divergence.
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Figure 5-16 95% plume divergence half-angle of the P5 for the magnetic field

configurations shown in Figure 5-12. (300 V discharge voltage)

From these results, two major conclusions were formulated:

1.

The symmetry of magnetic field lines and the magnetic field gradient
both have important roles in the focusing properties of a Hall thruster.
Although the symmetric, radially aligned field line topography
resulted in the lowest plume divergence, the focal properties were still
inferior to other thrusters. This strongly suggested that the concavity
of the magnetic field lines needed to be increased in order to extend

the plume focal distance.
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These early experiments provided the insight necessary to begin the
development of a high-specific impulse Hall thruster. It was decided that the new
thruster would employ a plasma lens with curved magnetic field lines and flexibility

in the magnetic circuit to alter the field line curvature during thruster operation.

5.4 Conclusions

The available literature concerning magnetic field topography in 1600 s
specific impulse Hall thrusters have provided the basis for the design of a high-
specific impulse Hall thruster. Successful designs have shown how the symmetry of
the magnetic field lines about the channel centerline, the curvature of the magnetic
field lines, and the axial magnetic field gradient all influence thruster operation. A
series of experiments on the UM/AFRL P5 Hall thruster have confirmed the
importance of field line symmetry and magnetic field gradient. The P5 experiments
strongly suggested that the curvature of the field lines would be a critical aspect to
improving the overall focal properties of the plume. It was concluded that the
NASA-173Mv1 Hall thruster would allow for a plasma lens with curved magnetic
field lines and flexibility in the magnetic circuit so that the field line curvature could

be altered during high-specific impulse operation.
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Part 11

Development of High-Efficiency,
High-Specific Impulse Xenon Hall Thrusters
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Chapter 6

Experimental apparatus I

This chapter begins part II, which concerns the development phase of the
NASA-173M Hall thrusters. The first thruster, designated the NASA-173M version
1 (v1), validated the magnetic field design [169]. The follow-on thruster, the NASA-
173M version 2 (v2), was shown to achieve high-efficiency and high-specific impulse
operation [130]. Chapter 7 discusses the development of the NASA-173Mv1 while
Chapter 8 discusses the development of the NASA-173Mv2. In Chapter 9, the
performance characteristics of the thrusters are compared.

The purpose of this chapter is to describe the experimental apparatus that
were used during the development phase of the NASA-173M Hall thrusters. Several
experiments were conducted in vacuum facilities at the University of Michigan and
NASA GRC. This chapter describes those facilities and the diagnostics that were
used. Experiment specific details, such as the thruster operating conditions, are

presented in subsequent chapters.

6.1 Overview of facilities and diagnostics

The experiments described in Chapters 7-9 were conducted in two vacuum
facilities using different diagnostics. Table 6-1 summarizes the diagnostics that
were used for those experiments. The rest of this chapter discusses the facilities and

diagnostics in detail.
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Table 6-1 Diagnostics used to evaluate the NASA-173M Hall thrusters
discussed in Chapters 7-9. For each thruster, the section where
major results from each diagnostic are discussed is indicated.

Location Facility NASA-173Mv1 NASA-173Mv2
Thrust stand
(UM) UM LVTF §7.5
Thrust stand
(GRC) GRC VF12 §7.6.1-7.6.3 §8.4.1
Faraday Probe GRC VF12 §7.6.4 §8.4.2
Discharge current | p VF12 §7.6.5 §8.4.3
probe
Gaussmeter GRC VF12 §7.5.1, 7.6.6 §8.4.4

6.2 Vacuum facilities

This section describes the vacuum facilities and the support equipment that
were used with the NASA-173M thrusters at the University of Michigan and NASA

GRC.

6.2.1 Large Vacuum Test Facility at the University of
Michigan
Experiments with the NASA-173Mv1l were conducted at the University of

Michigan’s Plasmadynamics and Electric Propulsion Laboratory (PEPL) in the
Large Vacuum Test Facility (LVTF). A schematic of the LVTF is shown in Figure
6-1. The LVTF is a cylindrical, stainless steel vacuum chamber that is six meters in
diameter and nine meters in length. A pair of 900 l/s blowers and four, 200 1l/s
mechanical pumps are used to evacuate the LVTF to moderate vacuum (30-100
mTorr). To reach high vacuum the LVTF is equipped with seven re-entrant
cryopumps, each of which is surrounded by a liquid nitrogen baffle. The blowers and
mechanical pumps are turned off once the cryopumps are activated. The cryopump

system can be operated with any number of pumps in use.
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During the experiments, chamber pressure was monitored using two hot-
cathode ionization gauges as indicated in Figure 6-1. Pressure measurements from
both gauges were corrected for xenon using the base pressure on air and a xenon
correction factor of 2.87 according to [229]

pi_'pb
=55 6-1
P 2.87 P> (6-1)

where p. was the corrected pressure on xenon, p» was the base pressure, and p; was
the indicated pressure when xenon was flowing into the vacuum chamber. The
operating pressure in the LVTF was then calculated as the average from the
corrected readings from the two gauges. With seven cryopumps operating, the base
pressure was typically 2x10-7 Torr. After correcting the gauges with Eqn. 6-1 and
then averaging, the background pressure in the LVTF with seven cryopumps

operating was typically 4.6x10-¢ Torr for a xenon flow rate of 5.5 mg/s.
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Figure 6-1 Schematic of the Large Vacuum Test Facility at the University of
Michigan (not to scale).
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Performance measurements in the LVTF have been characterized previously
with the UM/AFRL P5 Hall thruster [200]. In that study, it was found that neutral
ingestion from the ambient tank environment negligibly influenced thruster
performance below the maximum tested pressure of 1.3x10-> Torr.28 Since all of the
experiments reported here are below the maximum pressure from Ref. [200], no
corrections were made to the measured thruster performance reported in section 7.4.

During the experiments described in section 7.4, the NASA-173Mv1l was
mounted at thruster station 1 (see Figure 6-1) on the thrust stand described in
section 6.3.1.1. The thruster was positioned near the centerline of the LVTF and
was fired away from the cryopumps. At this position, the cryopumps were
approximately two meters from the thruster and the thruster plume was allowed to

expand approximately seven meters down the length of the chamber.

6.2.1.1 Power electronics and propellant delivery

Figure 6-2 is an electrical schematic of the power electronics used to run the
NASA-173M Hall thrusters at the University of Michigan. The plasma discharge
was powered by a matching pair of commercially available power supplies wired in
series that provided a maximum output of 1200 V, 16 A. The discharge filter
consisted of a 95 uF capacitor in parallel with the power supply outputs and a 1.3 Q
ballast resistor in series with the positive terminal of the power supply output.
Other commercially available power supplies were used to power the magnet coils

and the cathode heater and keeper.

% There are currently no rigorous standards for the maximum permissible tank pressure at which Hall thruster
performance can be reliably measured without correcting for facility effects. As a general guideline, performance
testing below a pressure of 2x107° Torr (corrected for xenon) is adequate to obtain reliable thrust measurements without
correcting for neutral ingestion [200, 230].

124



Xenon (99.999% pure) was supplied through stainless steel feed lines with 20
and 200 SCCM mass flow controllers. The controllers were calibrated before each
experiment using the ideal gas law, the time rate of change of the pressure and
temperature in a known volume, and the compressibility of xenon. Based on the

calibrations, the uncertainty was estimated as +1.5% for the anode flow rate and

+2.5% for the cathode flow rate.

1.3Q
T % * Thruster
+_L A&]_ Body
= _600V,16 A
l 95 uF Keeper
— _600V,16 A —_— o 1
_ athode {
I Body =
Heater
- 4
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+
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Coil Coil
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Trim Coil Trim Coil

Figure 6-2 Electrical schematic of the power electronics used to run the NASA-
173M Hall thrusters at the University of Michigan.
6.2.1.2 Thruster telemetry

Thruster telemetry were acquired using a 22-bit datalogger. Voltages were
measured directly at the power supply outputs except for the discharge voltage,
which was measured after the ballast resistor shown in Figure 6-2 using a calibrated
Currents were measured with high-accuracy shunts with the

voltage divider.

exception of the discharge current, which was measured with a Hall current sensor.
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The entire system was calibrated before each experiment. The uncertainty of
the datalogger, as reported by the manufacturer, was +0.004% of the indicated
value. However, calibration of each channel using digital multimeters increased the
uncertainty to +0.05% for voltage and +0.2% for each current except for the
discharge current. The discharge current uncertainty was +1% due to drift of the

Hall sensor’s zero offset over time.

6.2.2 Vacuum Facility 12 at NASA GRC
Experiments with both NASA-173M thrusters were conducted in Vacuum

Facility 12 (VF12) at NASA GRC. A schematic of VF12 is shown in Figure 6-3.
Photographs of the interior of VF12 are shown in Figure 6-4 and Figure 6-5. VF12 is
a cylindrical, stainless steel vacuum chamber that is three meters in diameter and
9.6 meters in length. The facility is cryogenically pumped and backed by a 1,000 l/s

turbomolecular pump for removal of non-condensable gases.

Tonization
Gauge #1

[ |

Thrust stand

Cryopanels I:’

=
Tonization
Gauge #2

Figure 6-3 Schematic of Vacuum Facility 12 at NASA GRC (not to scale).

The NASA-173M was always mounted on the thrust stand indicated in
Figure 6-3. In this position, the thruster was near the chamber’s vertical centerline
and fired 8.9 m down the length of the tank toward the cryopanels, which are located

along the back half of the chamber. A pair of hot-cathode ionization gauges mounted
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to the chamber wall measured pressure. Ionization gauge #1 was mounted
approximately 0.4 m below the vertical chamber centerline, 5.2 m downstream of the
thruster. The convention at GRC is to report the pressure from ionization gauge #1
as the chamber pressure. Ionization gauge #2 was mounted approximately 0.3 m

above vertical chamber centerline, 0.8 m downstream of the thruster.

'_ Cryopanels

[ Faraday probe

il |

¥
| Langmuir probe
L 2

3"

j

Figure 6-4 Photograph inside Vacuum Facility 12 at NASA GRC showing the
NASA-173Mv2 mounted on the thrust stand, several plume
diagnostics, and a portion of the cryopanels.

Figure 6-6 shows the background pressure in VF12 indicated from the
ionization gauges as a function of xenon mass flow rate. The base pressure in VF12
was typically between 1-2x107 Torr. Pressure measurements were corrected for
xenon using Eqn. 6-1. The majority of the experiments were conducted at a xenon
flow rate of 11 mg/s. At this flow rate, the corrected pressures from ionization gauge

#1 and #2 were 4.6x10% Torr and 1.1x10-> Torr, respectively. The equivalent xenon
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pumping speeds based on these pressures were 310,000 1/s and 130,000 1/s for

ionization gauge #1 and #2, respectively.2?
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Figure 6-5 Photograph inside Vacuum Facility 12 at NASA GRC showing the
NASA-173Mv2 mounted on the thrust stand and a pair of Faraday
probes used to measure ion current density.

VF12 has been used in the past for several Hall thruster studies, most
notably for erosion characterizations of the T-220 and D-80 [173, 174]. When
considering possible facility effects on performance measurements, the T-220 is a
convenient reference because thrust measurements have been taken with the T-220
in VF12 [173] and in the main volume of Vacuum Facility 5 (VF5) at NASA GRC

[172]. VF5 has a xenon pumping speed in excess of 1,000,000 l/s and is 4.6 m in

% Jonization gauge #2 always indicated a higher background pressure than ionization gauge #1. Whether or not
ionization gauge #2 is a more accurate measurement of the “background” pressure is debatable. On the one hand,
ionization gauge #2 and the thruster were far from the cryopanels so a pressure reading higher than ionization gauge #1
would be expected. On the other hand, ionization gauge #2 was 0.8 m downstream of the thruster so the pressure
reading may have been artificially high due to neutrals coming from the thruster. Regardless, as read by either
jonization gauge, the background pressure in VF12 never exceeded the general guideline of 2x107 Torr discussed in
footnote 28.
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diameter and 19 m in length [231]. The facility has been used to evaluate the
performance of the NASA-457M at xenon flow rates in excess of 100 mg/s [47]. Table
6-2 compares the performance of the T-220 in VF5 and VF12 when operating at
xenon flow rates of 21.8-21.9 mg/s. Within the margin of error typical of
performance measurements, the T-220 performance was equivalent in either facility.
This result was consistent with a study of facility effects in the LVTF conducted with
the UM/AFRL P5 Hall thruster [200]. That study concluded that neutral ingestion
from the ambient tank environment has a negligible influence on performance

measurements at similar tank pressures.
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Figure 6-6 Background pressure, corrected for xenon, versus xenon mass flow

rate of Vacuum Facility 12 at NASA GRC. The ionization gauge
locations are shown in Figure 6-3.

The maximum xenon flow rate that was investigated in VF12 with the
NASA-173M Hall thrusters was 16.5 mg/s (25% less than the T-220). At this flow
rate, ionization gauge #1 and #2 read 6.7x10¢ Torr and 1.5x10-> Torr, respectively.

After considering the P5 and T-220 experiments [172, 173, 200], facility effects on
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the performance measurements of the NASA-173M Hall thrusters in VF12 were
judged to be negligible and no corrections were made to the measured thruster

performance reported in sections 7.6.1-7.6.3 and 8.4.1.

Table 6-2 Comparison of the measured performance of the 10 kW T-220 from
Vacuum Facility 5 (VF5) and Vacuum Facility 12 (VF12) at NASA
GRC [172,173].

T-220 Performance VF5 VF12
Vvd (V) 495 500
1d (A) 20.2 20
Anode flow (mg/s) 20.3 19.9
Cathode flow (mg/s) 1.5 2
Total Power (W) 10212 10384
Thrust (mN) 511 508
Total Specific Impulse (s) 2390 2370
Total Efficiency 0.59 0.57
Pressure (Torr-Xe)* 2x10°° 1x107
* Corrected for xenon from reported pressures

6.2.2.1 Power electronics and propellant delivery

Figure 6-7 is an electrical schematic of the power electronics that were used
to operate the NASA-173M Hall thrusters in VF12. The plasma discharge was
powered by a matching pair of commercially available power supplies wired in series
that provided a maximum output of 1200 V, 16 A. The discharge filter consisted of a
100 uF capacitor in parallel with the power supply outputs. Other commercially
available power supplies were used to power the magnet coils and the cathode
heater and keeper.

Xenon (99.999% pure) was supplied through stainless steel feed lines with 20
and 200 SCCM mass flow controllers. The controllers were calibrated before each
experiment using the ideal gas law, the time rate of change of the pressure and

temperature in a known volume, and the compressibility of xenon. Based on the
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calibrations from several experiments, the uncertainty was on average +0.8% for the

anode flow rate and +£1.2% for the cathode flow rate.
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Electrical schematic of the power electronics used to run the NASA-
173M Hall thrusters at NASA GRC.

Figure 6-7

6.2.2.2

Thruster telemetry were acquired using a 22-bit datalogger. Voltages were

Thruster telemetry

measured at the power feedthrus on the vacuum chamber wall. All voltages were
measured directly except for the discharge voltage and cathode keeper voltage,
which were monitored using voltage dividers. Currents were measured with high-
accuracy shunts. The entire system was calibrated before each experiment. The
uncertainty of the datalogger, as reported by the manufacturer, was +£0.004% of the
indicated value. However, calibration of each channel using digital multimeters

increased the uncertainty to £0.05% for voltage and +0.2% for current.
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6.3 Diagnostics
This section describes the diagnostics used to evaluate the NASA-173M Hall

thrusters at the University of Michigan and NASA GRC during the development

phase.

6.3.1 Thrust stands

6.3.1.1 Thrust stand at the University of Michigan
Thrust measurements of the NASA-173Mv1 were taken at the University of

Michigan with a displacement-mode, inverted-pendulum type thrust stand, based on
the NASA GRC design [232, 233]. Deflection of the pendulum was monitored by
recording the output voltage from a linear voltage displacement transducer (LVDT)
by the datalogger described in section 6.2.1.2. Inclination of the thruster was
similarly recorded from the output voltage of an inclinometer. Corrections were
later made to the data from a correlation between inclination and the LVDT.
Calibrations were performed before and after thruster operation by deploying a
series of known weights. To minimize thermal drift, a water-cooled shroud
maintained at 10° C encompassed the thrust stand components. Upon initial
exposure to vacuum, the thruster was operated for at least two hours to allow for
outgassing of thruster components. Thrust measurements were typically conducted
at constant voltage and flow rate, in intervals of about 30 minutes, following the
outgassing procedure. A calibration was always performed before and after thruster
operation. To account for thermal drift, the dependence of the calibrations was
linearly interpolated over time as recorded by the datalogger. Using these methods,
the uncertainty in the thrust measurements was estimated to be +1.5% of the

measured value.
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From the measured thrust and other telemetry (voltage, current, flow rate,
etc.) the anode performance parameters were calculated according to the definitions
in section 4.2. The thrust-to-power ratio was computed based on the discharge
power. Anode specific impulse was based on the anode mass flow rate. Anode

efficiency was based on the anode mass flow rate and discharge power.

6.3.1.2 Thrust stand at NASA GRC
Thrust measurements of the NASA-173M Hall thrusters were taken at NASA

GRC using a null-mode, inverted-pendulum thrust stand designed at GRC and used
previously in VF12 with the 10 kW T-220 [173]. The basic principles of the thrust
stand design are described in Ref. [232, 233]. Inclination was controlled by leveling
the thrust stand via a stepper motor mechanism to maintain a constant inclinometer
output. To minimize thermal drift, a water-cooled shroud that encompassed the
thrust stand components was maintained at 10° C. Upon initial exposure to
vacuum, the thruster was operated for at least two hours to allow for outgassing of
thruster components. Thrust measurements were typically conducted at constant
voltage and flow rate, in intervals of about 30 minutes, following the outgassing
procedure. Thermal drift during a testing interval was equivalent to no more than
0.5 mN and was quantified between thruster shutdowns by recording the zero offset
of the thrust stand output. Calibrations using a series of known weights were
performed every two to four hours before and after several of these firings. Since the
slope of the calibration curve was highly repeatable throughout testing, the zero
offset recorded after each shutdown was used to obtain the calibration curve valid at
the time of shutdown. Linear interpolation over time during each thruster firing

yielded the zero offset and, thus, the true calibration curve for each data point as a
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function of time. Using these methods, the uncertainty in the thrust measurements
was estimated to be £0.5 mN.

During testing, if the thruster had been off for more than a few minutes, an
initial firing of at least 30 minutes was done before data were collected. This
ensured that the thruster and thrust stand had equilibrated sufficiently to minimize
thermal drift. Repeatability was quantified by returning to certain operating points
over a given testing period and was influenced more by the thruster (e.g., by
returning to the same discharge current) than the thrust stand. Using these
methods, variations in thrust for a given operating point were £1% of the measured
value, on average.

From the measured thrust and other telemetry (voltage, current, flow rate,
etc.) the thruster performance parameters were calculated according to the
definitions in section 4.2. Thrust-to-power ratios were computed based on either the
discharge power or the total power. The total power included the power dissipated
in the coils. Both “anode” and “total” quantities were computed for specific impulse
and efficiency. Anode quantities included only the anode flow and discharge power.

Total quantities added the cathode flow and the power required by the coils.

6.3.2 Faraday probe

After determining the coil currents that maximized thruster efficiency, ion
current density measurements of the NASA-173M Hall thruster exhaust plumes
were taken using a Faraday probe. Similar Faraday probes had been used
previously at NASA GRC and characterized in other investigations [32, 173, 234].
Figure 6-8 shows a schematic and photograph of the Faraday probe. Table 6-3

summarizes the dimensions of the Faraday probe. The probe consisted of a 1.94 cm
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diameter collection electrode enclosed within a guard ring that were both made from

molybdenum and mounted to an alumina disk.

Guard Ring

Ceramic Insulator Collector

Figure 6-8 Schematic and photograph of the Faraday probe.

Table 6-3 Dimensions of the Faraday probe.

Dimension (cm)
Collector
Outer Diameter 1.94
Depth 0.32
Guard ring
Inner Diameter 2.22
Outer Diameter 3.20
Depth 0.32
Alumina Insulator
Outer Diameter 3.20
Depth 0.32

Figure 6-9 shows the Faraday probe electrical schematic. The collector and
guard ring were biased —15 V below facility ground to repel electrons. Biasing the
guard ring and collector to the same potential minimized edge effects around the
collector by creating a flat, uniform sheath over the collection area. The collection
area was taken as the geometric area of the collection electrode (2.96 cm2). The
probe face was aligned 98.5 + 0.5 cm downstream of the exit plane, with the axis of
rotation located on thruster centerline at the exit plane. An angular coordinate
system was defined such that thruster centerline was referenced as zero degrees.
When viewed downstream from the exit plane angles became increasingly positive

when the probe was swept clockwise. Sweeps were performed from —100° to +100°
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in 1° increments. At each location, 1000 data points were sampled at 1 kHz and

averaged using a 16-bit data acquisition card and a 502 Q resistor.

-15V

— NN\ |||I
R

Figure 6-9 Faraday probe electrical schematic.

Angular profiles of the ion current density were used to compute the plume
divergence angle. The plume divergence angle f.¢95s was defined as the half-angle
from thruster centerline over which the ion current density integrated to 95% of the
ion current density integrated over £90°. No corrections to the measured ion current

density were made for the charge-exchange plasma in the vacuum facility [234].

6.3.3 Discharge current probe

An 8-bit, 500 MHz oscilloscope and a 50 MHz current probe were used to
measure discharge current oscillations after determining the coil currents that
maximized thruster efficiency. The probe was located after the positive terminal of
the capacitor shown in Figure 6-7 at the feedthru on the vacuum chamber wall. The
oscilloscope sampled the discharge current at 250 kHz for 2 ms. Discharge current
oscillations were quantified by calculating the standard deviation of the discharge
current over the sampling period. To compare results at different discharge
currents, the standard deviation was then expressed as a percentage of the mean

discharge current.
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Discharge current oscillations at frequencies of 10-30 kHz are usually
attributed to the breathing-mode ionization instability [109, 110, 139, 141, 144].
Breathing-mode oscillations result from the periodic depletion of the neutral and ion
density in the discharge chamber due to ionization events. A “predator-prey” model

of breathing-mode oscillations [144] shows that their frequency scales as

’ (6'2)

where <v; > is the average ion velocity, <vn> is the neutral thermal velocity, and Li is

the length of the ionization zone.

To study discharge current oscillations, the power spectral density of the
discharge current was computed from the discrete Fourier transform with Parzen
windowing. The breathing-mode ionization instability was identified as the
frequency at which the magnitude of the power spectrum was greatest in the 10-30

kHz frequency range.

6.3.4 Hall probe and Gaussmeter

A commercially available three-axis Hall probe and a commercially available
Gaussmeter were used to measure the magnetic field of the NASA-173M Hall
thrusters at atmospheric conditions (no plasma). As reported by the manufacturer,
the Hall probe had a linearity of 0.25% up to 10 kG. A photograph of the
experimental setup used with the NASA-173Mv2 is shown in Figure 6-10. A similar
setup was used with the NASA-173Mv1.

The Hall probe was connected to the Gaussmeter and positioned relative to

the thruster using linear translation stages. The coils were energized using
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commercially available power supplies and calibrated, digital multimeters were used
to record the applied current. Before collecting data, the Hall probe and Gaussmeter
were zeroed using a zero-Gauss chamber with the thruster coils off and the probe
located 300 mm from the thruster exit plane. When the probe was placed near the
thruster without the coils energized, the residual magnetic field from the thruster
pole pieces was between 1-3 G. As with all Hall thrusters, the NASA-173M
magnetic circuits were designed so that the azimuthal magnetic field was negligible
compared to the radial and axial components. This provided a convenient means to
align the Hall probe before collecting data. Accordingly, the Hall probe was oriented
such that the indicated azimuthal magnetic field was minimized, which insured that
the full magnitude of the radial magnetic field was being measured. The Hall probe
was placed on the channel centerline at the axial location of the maximum radial

magnetic field, which is near the exit plane in both thrusters.

Figure 6-10 Photograph of the experimental configuration used to measure the
magnetic field of the NASA-173Mv2. A similar setup was used with
the NASA-173Mv1.

138



The uncertainty of the Hall probe position was estimated as £1 mm. The
uncertainty of the magnetic field measurements was conservatively estimated as
+10%, which was largely due to positional and alignment errors of the Hall probe

(see the end of section 5.1.3 for more).

6.4 Summary

This chapter has described the vacuum facilities, support equipment, and
diagnostics used during the development phase of the NASA-173M Hall thrusters.
The next chapter describes the development of the NASA-173Mv1 Hall thruster,
followed by the NASA-173Mv2 development in Chapter 8. Chapter 9 compares the

relative merits of each thruster.
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Chapter 7

Development of the NASA-173Mv1

This chapter describes the development of the laboratory-model NASA-173M
version 1 (v1) Hall thruster. The NASA-173Mv1 was designed and fabricated by the
University of Michigan (UM) and the NASA Glenn Research Center (GRC) for
operation at high-specific impulse [169]. Experiments with the NASA-173Mv1l
validated the magnetic field topography that was implemented to improve efficiency
at high-specific impulse. The basis of the magnetic field design was a topography
shaped in the form of a plasma lens.

In sections 7.1-7.3, the NASA-173Mv1 Hall thruster is described in terms of
its design objectives and approach, physical description, and magnetic field
topography. Section 7.4 reviews the early experiments with the NASA-173Mv1 that
confirmed the plasma lens improved the focusing properties of the plasma exhaust.
Section 7.5 discusses the results from a detailed study of the effects of magnetic field
topography on thruster performance at high-specific impulse. Lastly, section 7.6
reports on a broader study of the operating characteristics of the NASA-173Mv1. A
follow-on version of this thruster, the NASA-173Mv2, is discussed in Chapter 8. In

Chapter 9, the relative merits of the two thruster designs are compared.
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7.1 Design objectives and approach
Section 3.2.2.1 discussed the first phase of the NASA GRC high-specific

impulse Hall thruster program [133, 175, 176]. The phase two objectives of the
NASA GRC high-specific impulse Hall thruster program were to:

1. develop the necessary design tools to extend efficient operation beyond
3000 s specific impulse, and

2. identify the physical mechanisms controlling efficiency at high-specific
impulse.

To aid in achieving these objectives, the University of Michigan collaborated with
NASA GRC in the design and fabrication of the laboratory-model NASA-173Mv1
Hall thruster.

As the discharge voltage in a magnetic layer Hall thruster increases, the
average electron temperature in the channel also increases as the ability of the walls
to moderate the electron temperature decreases [109, 110]. Increasing electron
temperature can grossly affect thruster efficiency by several mechanisms. As the
electron temperature rises:

1. the ionization efficiency will eventually decrease because the

lonization cross-section of xenon maximizes for electron temperatures
between 40-90 eV [155],

2. the production of multiply-charged ions will increase as the number of
electrons with sufficient energy to create multiply-charged ions
increases, and

3. the axial transport of electrons will increase by thermal diffusion (see

Egn. 3-17).
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It is also possible that electron transport could increase due to plasma instabilities
that are not encountered in 1600 s specific impulse Hall thrusters.

The processes listed above are influenced in whole or in part by the magnetic
field, the secondary electron emission from the discharge chamber walls, and the
uniformity of the neutral propellant in the channel. Since boron nitride is a proven
wall material for Hall thrusters, it was decided that wall material effects would not
be explicitly studied with the NASA-173Mv1. Further, every effort was made to
ensure that the neutral distribution in the channel was azimuthally uniform (see
section 7.4 for more).

The design of the NASA-173Mv1l was based on the hypothesis that the
efficiency peak observed with the phase one thrusters was actually a consequence of
modern magnetic field designs that have been optimized for 1600 s specific impulse.
Accordingly, the NASA-173Mv1 design was an attempt to improve efficiency through
the implementation of a magnetic field topography intended for high-specific

impulse operation.

7.2 Physical description
Shown in Figure 7-1, the NASA-173Mv1 is a single-stage, magnetic layer

Hall thruster sized to operate nominally at discharge powers of 5 kW.30 Figure 7-2 is
a photograph of the thruster operating at 300 V, 15 A. The discharge chamber of the
NASA-173Mv1 has an outer diameter of 173 mm, a channel width of 25 mm, and a
channel depth of 38 mm. The thruster body has an outer diameter of 277 mm and

an overall length of 96 mm.

3% The first iteration of the NASA-173Mv1 included an intermediate electrode so that two-stage operation would be
possible [169]. In Ref. [169], the NASA-173Mv1 was referred to as the P5-2 and was operated as a two-stage thruster.
After a brief series of experiments revealed that two-stage operation resulted in higher thrust at the expense of
efficiency, the intermediate electrode was removed. The thruster was then re-named the NASA-173Mvl to reflect this
change. For the results reported here, the NASA-173Mv1 was operated as a single-stage thruster.
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Figure 7-1 Photograph of the laboratory-model NASA-173Mv1 Hall thruster.
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The NASA-173Mv1 uses a laboratory-model hollow cathode from NASA GRC
that is capable of emission currents up to 20 A. As shown in Figure 7-1, the cathode
1s positioned above the thruster. Several experiments were conducted to improve
thruster operation with respect to cathode position. Consideration was given to the
cathode coupling voltage with respect to ground Vcg the magnitude of discharge
current oscillations, thruster efficiency, and the shape and luminescence of the
plume. The best position was found to be with the cathode orifice located
approximately 25 mm downstream of the exit plane and 25 mm radially away from
the outer radius of the outer front pole piece at an inclination of 30° from thruster

centerline.

Figure 7-2 Photograph of the NASA-173Mv1 operating at 300 V, 15 A.

The design of the NASA-173Mv1 was partly based on the UM/AFRL P5 Hall
thruster that was described in section 5.3.1. The primary characteristics of the P5

that are maintained in the NASA-173Mv1 are:
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1. the channel geometry (outer diameter, width, length),

2. discharge chamber walls made from boron nitride,3! and

3. the gas injection scheme of the anode.

The major difference between the P5 and NASA-173Mv1 is the magnetic field
topography. Retaining the other characteristics listed above allowed for
differences in the performance and plume characteristics between the

thrusters to be attributed to changes in the magnetic field topography.

7.3 Magnetic field topography

7.3.1 Magnetic circuit

The primary magnetic circuit of the NASA-173Mv1 consists of a fixed
structure of magnetic poles pieces, an inner coil (IC), and eight outer coils (OC).
Fine control of the magnetic field is provided with an internal trim coil ITC). The
magnetic circuit configuration of the NASA-173Mvl is similar to the generic
schematic shown in Figure 5-6 except that eight outer coils are used (instead of a

single azimuthal coil) and the thruster does not have an external trim coil.

7.3.2 Axial gradient of the radial magnetic field

Figure 5-7 shows the axial profile of the radial magnetic field on the channel
centerline for the P5 and the NASA-173Mv1. The axial coordinate was referenced
from the location of the maximum, centerline radial magnetic field B:,max s0 that the
curvature of the axial profiles could be compared. As shown in Figure 5-7, the axial
gradient of the radial magnetic field V:B;of the NASA-173Mv1 is nearly the same as

the P5. To quantify the differences between the thrusters, the dimensionless

31 The discharge chamber of the P5 is 50% boron nitride and 50% silicon dioxide. The NASA-173Mv| uses a ceramic
that is 94% boron nitride and uses calcium borate as a binder. Differences in thruster performance between grades of
boron nitride are known to be minor.
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magnetic field gradient $defined by Eqn. 7-4 was calculated. In the P5, $has a
value of 0.79, while the value of 9in the NASA-173Mv1 has a value of 0.95. The
differences are driven by a lower magnetic field at the anode in the NASA-173Mv1.
In the P5, Brmax1s upstream of the exit plane while in the NASA-173Mv1, Brmax 18
downstream of the exit plane. Locating By,me« downstream of the exit plane is known
to increase thruster lifetime at the expense of higher plume divergence [2]. The
location of 0.8*Brme«x was placed upstream of the exit plane because it has been
shown in 1600 s specific impulse thrusters that there is a correlation between the
position of 0.8*B; e and the location of the ionization zone [121, 135]. Locating
0.8*Br,max inside the bounds of the ceramic wall aids in moderating the electron

temperature and enhances the ionization efficiency.
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Figure 7-3 Axial variation of the centerline, radial magnetic field in the P5 and
the NASA-173Mv1.

7.3.3 Plasma lens focusing

The experiments discussed in section 5.3 with the P5 suggested that concave

magnetic field lines would be necessary to improve the focusing of the plume.
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Accordingly, the NASA-173Mv1 uses a plasma lens magnetic field topography and
an internal trim coil that allow for variations of the magnetic field not possible with
the inner and outer coils alone.

A plasma lens magnetic field topography significantly departs from the radial
field line configuration used in the P5 (see Case 1 in Figure 5-12). Figure 7-4 shows
the NASA-173Mv1 plasma lens and Figures 7-5 and 7-6 show the corresponding
axial profiles of the radial and axial magnetic fields, respectively. On centerline, the
axial fields are approximately zero and both the radial and axial fields nearly vanish
at the anode. Along the discharge chamber walls, the plasma lens has regions of
significant axial fields. The magnetic field profiles result in a plasma lens with
concave field lines that are symmetric about the channel centerline. Ref. [220]

discusses how a symmetric plasma lens minimizes discharge current and plume

U

Figure 7-4 The plasma lens magnetic field topography of the NASA-173Mv1.

divergence.
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Figure 7-5 Radial magnetic field profiles of the NASA-173Mv1 normalized by the
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Figure 7-6 Axial magnetic field profiles of the NASA-173Mv1 normalized by the
magnitude of the maximum field on the inner wall.

Figure 7-5 shows that the maximum radial fields along the discharge
chamber walls are greater than the maximum value on channel centerline. Such a
configuration increases the magnetic insulation of the plasma from the walls

because the plasma location tends towards regions of low magnetic field. This is
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illustrated with the radial component of the single-fluid MHD approximation given

by

i(p+ B’ j:o. (7-1)

Egn. 7-1 shows that a balance between the pressure and the magnetic field

governs the plasma location [135]. Thus, creating a minimum in the magnetic field

profile across the channel radius tends to locate the plasma on centerline.

A plasma lens affects thruster operation primarily by:

1.

Increasing the magnetic insulation of the ions from the wall. This
effect should be greatest for ions born in weak electric fields before the
lons are significantly accelerated. The field line -curvature
preferentially directs ions towards the channel centerline away from
the walls, which increases efficiency and lifetime while decreasing
plume divergence and thermal loads.

Increasing the path length (i.e., the residence time) of electrons
trapped on a given field line thereby increasing the ionization
efficiency and decreasing the axial electron current. Field lines
terminating at the walls in regions of high magnetic field create a
mirror effect on all but the most energetic electrons, reflecting the low-
energy electrons back into the discharge chamber. The high-energy
electrons penetrate both the magnetic field and the wall sheath
potential and impact the walls, which in turn releases secondary
electrons from the wall that decrease the average electron

temperature in the channel.
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7.3.4 Internal trim coil

Section 5.1.4 discussed the effects of the internal trim coil on the magnetic
field topography of the NASA-173Mv1l. The internal trim coil primarily affects the
radial magnetic field in the discharge chamber. When the coil is energized, the
radius of curvature of the plasma lens (i.e., the axial gradient of the magnetic field,
V2.B;) can be changed, depending on the direction of the coil current. By convention,

a negative current subtracts from the magnetic field and increases V.B;.

7.3.5 Response of the magnetic circuit to applied coil current
The response of the NASA-173Mv1 magnetic circuit to the inner coil (IC),

outer coils (OC), and internal trim coil (ITC) was characterized using the Hall probe
and Gaussmeter described in section 6.3.4. The Hall probe was placed on the
channel centerline at the axial location of the maximum radial magnetic field.
Figure 7-7 shows the maximum, radial magnetic field on channel centerline
versus coil current for the inner and outer coils. The measured values (indicated as
“exp” in the figure) were normalized by an arbitrary constant B,. The radial
magnetic field as a function of coil current was recorded for each coil without the
other coil being energized. In a Hall thruster, if the magnetic circuit is below
saturation (i.e., the magnetic field increases linearly with coil current), the total
magnetic field for arbitrary coil currents can be computed by linear superposition.
As an example, the total magnetic field for equal coil currents from the inner and
outer coils was computed (indicated as “comp” in the figure). Section 8.3.5 discusses
results that have experimentally verified the validity of this method to compute the

total magnetic field.
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Figure 7-8 shows the maximum, radial magnetic field on channel centerline
versus coil current for the internal trim coil. The measured values were normalized
by an arbitrary constant B,. The response of the magnetic circuit to the internal
trim coil was linear over the range of coil currents that were tested. A zero offset at
zero applied current was measured due to the residual magnetism of the magnetic
circuit. The offset is also present in Figure 7-7, but is less apparent due to the scale.

Over the range of coil currents that were tested, the magnetic field produced
by the magnetic circuit of the NASA-173Mv1l linearly increased. To study the
scaling of the magnetic field with discharge voltage, data from Figure 7-7 and Figure
7-8 were used to compute the total magnetic field for specific operating points of the
thruster (see sections 7.5.1.1 and 7.6.6). When computing the total magnetic field,
the residual magnetism was included in the contribution from the inner coil and

subtracted from the other coils (so that it was not counted more than once).
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Figure 7-7 Maximum, radial magnetic field on channel centerline versus coil
current for the inner coil (IC) and outer coils (OC) of the NASA-
173Mv1l. (exp = measured data, comp = computed data)
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Figure 7-8 Maximum, radial magnetic field on channel centerline versus coil
current for the internal trim coil (ITC) of the NASA-173Mv1.

7.4 Effects of the plasma lens on plume focusing

The first experiments with the NASA-173Mv1l were reported in Ref. [169,
228]. During these experiments, the thruster design was still evolving.32 Only the
most important results from these early experiments are discussed here.

Figure 7-9 shows the ion current density measured in the plume of the
NASA-173Mv1 during the experiments described in Ref. [228]. The thruster was
operated at 300 and 500 V, at mass flow rates of 5.3 and 10.0 mg/s, and only the
inner and outer coils were energized. A Faraday probe was used to measure ion
current density, similar to the one described in section 6.3.2, that was 100 cm from
the thruster exit plane. Two important conclusions emerged from the profiles shown

in Figure 7-9:

32 That is, several thruster components failed due to thermal expansion or voltage isolation problems. During this time,
the internal trim coil shorted, the discharge chamber cracked, and the anode suffered from asymmetric flow
distribution. While the trim coil and discharge chamber were replaced (after modifying their designs to avoid further
failures), the anode was not replaced until after the experiments in section 7.5. This period is fondly referred to as our
“time of learning.” The problems were eventually remedied with better engineering.
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1. Unlike the P5 Hall thruster (see section 5.3), the plume of the NASA-
173Mv1 exhibited a “double peak” in the ion current density profile.
This confirmed that the focusing of the plasma exhaust plume
of a Hall thruster could be improved using a plasma lens.

2. The ion current density profiles were asymmetric and the double peak
profile was only evident at 10 mg/s. This indicated that the azimuthal
distribution of the neutral propellant through the anode was

asymmetric. This anode is referred to as anode #1.

NASA-173Mv1
Anode #1, IC/OC
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300V
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Figure 7-9 Ion current density versus angular position from thruster centerline
with anode #1 of the NASA-173Mv1l. Azimuthal non-uniformity of the
neutral propellant resulted in asymmetric plume profiles. The
problem was corrected with anode #2 (see Figures 7-37 to 7-41).

Thruster efficiency also decreased because of the asymmetric gas distribution
from anode #1 (see section 7.6.1). Unfortunately, circumstances did not permit
anode #1 to be replaced until after the study described in section 7.5. While anode
#1 decreased performance, the performance trends discussed in section 7.5
were still observed in the NASA-173Mv1 after anode #1 was replaced with

anode #2. Further, the efficiency-voltage characteristic of the NASA-
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173Mv2 at 5 mg/s shows the same trends (see Figure 9-7). Thus, the general
trends and conclusions drawn from the experiments in section 7.5 were
still judged valid.

Anode #1 was replaced with anode #2 for the performance characterization
described in section 7.6. Anode #2 corrected the problems with anode #1 by
changing the fabrication method (the gas injection scheme was still the same).
Section 7.6.1 discusses the improvements in the performance and plume

characteristics that resulted when anode #2 was installed in the NASA-173Mv1.

7.5 The role of magnetic field topography
Despite the initial challenges with the design of the NASA-173Mv1, the early

experiments confirmed that the plasma lens improved the focusing of the ion beam.
This section describes a study that investigated the effects of magnetic field
topography on thruster performance at high-specific impulse. The goal of the
experiments was to determine whether performance improvements could be realized

by changing the magnetic field topography using the internal trim coil.

7.5.1 Results

This section reports on a performance evaluation of the NASA-173Mv1 at
voltages of 300-1000 V and a constant mass flow rate of 5 mg/s. At each voltage, the
internal trim coil current was varied to determine whether efficient operation could
be achieved by changing the magnetic field topography. Numerical simulations of
the magnetic field were also conducted in order to correlate changes made to the
magnetic field with thruster performance.

The experiments used the setup described for the LVTF in section 6.2.1 and

the thrust stand described in section 6.3.1.1. As discussed in section 7.4, the
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thruster was operated with anode #1. The NASA-173Mv1l had been previously
operated for over 40 hours before performance data were collected. The pressure in
the LVTF at an anode and cathode flow rate of 4.98 mg/s and 0.52 mg/s, respectively,
was 4.5x106 Torr when corrected for xenon using Eqn. 6-1. Performance data are

tabulated in Tables B-1 and B-2 in Appendix B.

7.5.1.1 Performance with the inner and outer coils

Performance measurements were collected in two sets of experiments. In the
first set of experiments, the influence of the inner coil (IC) and the outer coils (OC)
on performance was studied. This series was conducted over a voltage range of 300-
1000 V in 100 V increments at a constant anode mass flow rate of 5 mg/s.?3 The
cathode was operated at 0.5 or 1.0 mg/s, which was varied to minimize thruster
oscillations. No systematic dependence of cathode flow rate with the operating point
was ever determined, and a majority of the data were taken at the lower flow rate.

At each voltage, data were acquired by setting the inner coil current and
varying the outer coil current so that different coil current ratios (IC/OC) could be
examined. At least three thrust measurements were made at different inner coil
currents, typically in increments of 0.5 A around a medial value of the inner coil
current that roughly minimized discharge current and oscillations, while increasing
plume focusing and thrust. At each inner coil current, the coil current ratio was
varied over the range of 0.75-2.0, typically in increments of 0.2. By the time the

experiments progressed to the 500 V series, it became evident that coil current

3% The asymmetric flow distribution from anode #1 influenced the flow rate choice. At discharge powers in excess of 5
kW, the thruster tended to overheat due to hotspots in the discharge chamber that developed as a result of anode #1°s
flow asymmetries. Thus, the 5 mg/s flow rate was chosen so that the discharge power would be 5 kW at 1000 V (the
nominal power rating of the NASA-173Mvl). Limiting the power to 5 kW minimized the risk of thermally induced
failure. After anode #2 was replaced, the thermal problems with the thruster were resolved. To date, the NASA-
173Mv1 has been operated at up to 8.5 kW with anode #2.
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ratios of about 1.0 were resulting in peak performance. Subsequent data at coil
current ratios of 0.75-1.25 were taken at increments of about 0.1. Data above coil
current ratios of 1.25 were still taken but at increments as large as 0.5. The
performance data were later analyzed to determine which coil currents resulted in
maximum thruster efficiency. In general, the coil current ratio corresponding to
maximum efficiency was found to be close to unity.

Thruster operation over the range of 300-800 V was stable. At 900 and 1000
V, oscillations in the discharge current were severe unless the inner and outer coil
currents were increased to 5 A. Below 5 A, oscillations would grow until the plasma
would eventually extinguish. At 5 A, the oscillations were substantially reduced and

the thruster behaved similar to the 300-800 V cases.

7.5.1.2 Performance with the internal trim coil

In the second series of experiments, the effect of the internal trim coil on
thruster performance was evaluated to determine if improvements over the
experiments in section 7.5.1.1 could be realized. The thruster was operated at the
same voltages and flow rates as the experiments in section 7.5.1.1. The inner coil
currents from section 7.5.1.1 that yielded maximum efficiency were used and the coil
current ratio was 1.0. At fixed discharge voltage and inner and outer coil current, a
test would begin by starting at zero internal trim coil current and then the internal
trim coil current was increased to larger negative values. Testing at a given
discharge voltage was halted when it became evident that applying more negative
internal trim coil current was resulting in unstable or inefficient operation. A
cursory examination revealed that positive internal trim coil current always resulted

in decreasing efficiency (not shown).
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The results from the internal trim coil current study are presented in Figures
7-10 through 7-18. Discharge current, thrust, anode specific impulse, and anode
efficiency versus internal trim coil current at constant inner and outer coil current,
discharge voltage, and flow rate are shown in each figure. At 800 V, in addition to
testing the optimum coil currents from the first series of experiments, the inner and
outer coil currents were increased by 1.0 A. Figures 7-15 and 7-16 show 800 V data
at 3.5 and 4.5 A, respectively, on the inner and outer coils. The data for 800 V and
4.5 A on the coils shows an additional 0.5% improvement in the efficiency over the
3.5 A case.

Figure 7-19 plots the internal trim coil current that resulted in maximum
efficiency at each discharge voltage. Two data points are shown for 800 V,
corresponding to 3.5 or 4.5 A on the inner and outer coils. Note the large change in
the required internal trim coil current as the inner and outer coil currents were
increased from 3.5 to 4.5 A.

Figures 7-20 through 7-24 present discharge current, thrust, thrust-to-power
ratio, anode specific impulse, and anode efficiency, respectively, versus discharge
voltage. In each figure, two curves are shown corresponding to operation with zero
internal trim coil current and operation with the internal trim coil currents shown
in Figure 7-19. Changing the magnetic field with the internal trim coil improved

thruster performance over the entire voltage range.
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Figure 7-14 Performance of the NASA-173Mv1 versus internal trim coil current
at 700 V, 5 mg/s. (Anode #1)
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Figure 7-15 Performance of the NASA-173Mv1 versus internal trim coil current
at 800 V, 5 mg/s with the inner and outer coils at 3.5 A. (Anode #1)
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Figure 7-16 Performance of the NASA-173Mv1 versus internal trim coil current
at 800 V, 5 mg/s with the inner and outer coils at 4.5 A. (Anode #1)
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Figure 7-17 Performance of the NASA-173Mv1 versus internal trim coil current
at 900 V, 5 mg/s. (Anode #1)
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Figure 7-18 Performance of the NASA-173Mv1 versus internal trim coil current
at 1000 V, 5 mg/s. (Anode #1)
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Figure 7-19 Internal trim coil current versus discharge voltage of the NASA-
173Mv1 at 5 mg/s. (Anode #1)
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Figure 7-20 Discharge current versus discharge voltage of the NASA-173Mv1 at 5
mg/s. (Anode #1)
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Figure 7-21 Thrust versus discharge voltage of the NASA-173Mv1l at 5 mg/s.
(Anode #1)
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Figure 7-22 Thrust-to-discharge power ratio versus discharge voltage of the
NASA-173Mv1 at 5 mg/s. (Anode #1)
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Figure 7-23 Anode specific impulse versus discharge voltage of the NASA-173Mv1
at 5 mg/s. (Anode #1)
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Figure 7-24 Anode efficiency versus discharge voltage of the NASA-173Mv1 at 5
mg/s. (Anode #1)

7.5.1.3 Magnetic field measurements

The relative change in the maximum radial magnetic field on channel
centerline, normalized by an arbitrary constant Bo, is shown in Figure 7-25. In the
figure, two curves are shown corresponding to operation with zero internal trim coil
(ITC) current and operation with the internal trim coil current corresponding to
maximum efficiency, as discussed below. The magnetic field was nearly constant
from 300 to 500 V and then increased for discharge voltages greater than 500 V.
The relative increase of the magnetic field over discharge voltages of 300 to 1000 V

was 2.7 without the internal trim coil and 2.5 when the internal trim coil was used.
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Figure 7-25 Maximum radial magnetic field on channel centerline versus
discharge voltage of the NASA-173Mv1. (Anode #1)

7.5.1.4 Measurement uncertainty

While the absolute error from any experiment can be large, the relative error
between data points can be much less depending on how data were collected. Recall
that thrust data with the internal trim coil were taken at constant voltage and mass
flow rate. Uncertainty in the thrust, mass flow rate, current, and voltage would
therefore be a constant offset to the data. An error analysis estimated the average
relative error at a given voltage to be 0.7 mN, 15 s, and 0.3%, for the thrust, specific
impulse, and efficiency, respectively.

Since the efficiency increased on average by 2% when the internal trim coil
was used (a maximum of 5.5% was observed at 1000 V), it was concluded that the
trends shown in the figures at fixed discharge voltage were not a result of relative
measurement error. The average increase in specific impulse and thrust was 70 s

and 3 mN, respectively, which were greater than the relative error estimates. The
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maximum increase in the specific impulse and thrust was 200 s and 10 mN,
respectively, both of which occurred at 1000 V.

The error between data at different voltages would be quantified best by the
absolute error. The absolute error was largely determined by the uncertainty in the
thrust and anode flow controller. Analysis has shown the average uncertainty for
both the thrust and anode flow controller to be +1.5% of the measured value (see

sections 6.2.1.1 and 6.3.1.1).

7.5.1.5 Numerical simulations of the magnetic field

A series of numerical simulations using the three-dimensional, magnetostatic
solver, Magnet 6 by Infolytica, were conducted at each of the coil currents from the
experiments described in sections 7.5.1.1-7.5.1.2. Repeated comparisons between
predictions from Magnet and measurements of the magnetic field using a Hall probe
connected to a Gaussmeter have shown agreement to within +10%. The comparisons
have shown that the uncertainty was determined primarily by positional and
alignment errors of the Hall probe rather than the accuracy of Magnet.

Figure 7-26 shows the magnetic field topography for a series of cases
corresponding to a 1000 V discharge voltage. Specifically, the inner and outer coil
currents were each set to 5 A and the internal trim coil current was set to 0, -1, -2,
and -3 A. The 0 A internal trim coil current case is representative of the magnetic
field topography at other discharge voltages where the internal trim coil was not
used. In general, at voltages of 300-700 V, the optimum internal trim coil current
was lower than at 1000 V. So for voltages of 300-700 V, the increase in the field line
curvature more closely resembled the -1 A case in Figure 7-26 (or less depending on

the particular internal trim coil current). At 800-1000 V, -2 A internal trim coil
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current was the optimum determined in the experiments, but note that 800 V

optimized at the slightly lower value of 4.5 A for the inner and outer coil.

NASA-173Mvl NASA-173Mv1
IC/OC/ITC=5/5/0 Amps IC/OC/ITC=5/5/-1 Amps

NASA-173Mv1 NASA-173Mv1
IC/OC/ITC=5/5/-2 Amps IC/OC/ITC=5/5/-3 Amps

Figure 7-26 Magnetic field topography of the NASA-173Mv1 at several internal
trim coil (ITC) currents and constant inner (IC) and outer coil (OC)
currents of 5 A. (Anode #1)

7.5.2 Discussion

7.5.2.1 Effects of the magnetic field at the walls
The results in section 7.5.1.1 showed that coil current ratios (IC/OC) near 1.0

resulted in maximum thruster efficiency. Since magnetic field simulations have

shown that the plasma lens was most symmetric about the channel centerline for
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coil current ratios near 1.5, it was unexpected to find that thruster efficiency was
greater at ratios of 1.0. This may have been the result of the higher outer wall
magnetic fields that occurred at the lower coil current ratios since the plasma
location is governed by Eqn. 7-1. Eqn. 7-1 implies that when the radial magnetic
field profile across the channel is greater at the walls than the channel center, the
plasma density will be greatest away from the walls at the minimum magnetic field.

As the coil current ratio decreased in the NASA-173Mv1 towards 1.0, the
outer coils provided more of the magnetic flux to the channel and the magnetic field
at the outer walls increased. At coil current ratios of 1.5 and 1.0, the maximum
outer wall to centerline magnetic field ratio was 1.13 and 1.22, respectively. This
may indicate a need to modify the fixed magnetic structure of the NASA-173Mv1 so
that higher outer wall fields are possible for symmetric field line topographies.

In general, the performance began to decrease at coil current ratios less than
1.0. This was attributed to shifting the plasma lens far enough off centerline that
other inefficiencies resulting from the asymmetry began to dominate. For example,
changes in the magnetic field could alter the distribution and location of the Hall
current, which would impact the ionization and acceleration efficiency, as well as
thruster stability.

The magnetic field topographies shown in Figure 7-26 also support these
conclusions. At 1000 V, as the internal trim coil current became more negative, the
magnetic field topography gradually became more symmetric about the channel
centerline while the ratio of the outer wall to centerline magnetic field remained
approximately constant. However, it was not concluded that the performance
benefits of the internal trim coil were solely the result of the plasma lens symmetry

being restored. This was because the use of the internal trim coil at voltages of 300-
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600 V only marginally shifted the plasma lens back to centerline. Other
contributing factors to the performance benefits due to the internal trim coil are

discussed in section 7.5.2.5.

7.5.2.2 Magnetic field scaling
Figure 7-25 shows that the magnetic field increased by a factor of 2.7

between 300 and 1000 V without the internal trim coil, and by a factor of 2.5 when
the internal trim coil was used. These results demonstrate that merely increasing
the magnetic field intensity is not a sufficient condition to maintain an increasing
efficiency with voltage. Changing the magnetic field topography with the internal
trim coil (with respect to the topography used at 1600 s specific impulse), was
required to improve efficiency at high voltage. In Chapter 8, it is shown how
changing the magnetic field topography in the NASA-173Mv2 resulted in a

monotonically increasing efficiency characteristic with increasing discharge voltage.

7.5.2.3 Performance trends at constant discharge voltage

The variations in thruster performance when the internal trim coil was used
in Figures 7-10 through 7-18 displays a remarkable level of complexity. In the
following, only the most important trends will be discussed. First, consider the 300
V data shown in Figure 7-10. As the internal trim coil current was made more
negative, an increase in thrust was accompanied by a decrease in the discharge
current. The result was an increase in the specific impulse and efficiency. At some
point, maximum thrust was reached but the discharge current continued to
decrease. Since efficiency scales with the thrust squared, the decrease in thrust

caused the specific impulse and efficiency also to decrease. Eventually, a minimum
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in the discharge current was reached. Performance continued to decrease as the
internal trim coil current was increased past the discharge current minimum.

Many of the same trends at 300 V are repeated at the other discharge
voltages in Figures 7-11 through 7-18. In general, the thrust would initially
increase, reach a maximum, and then continually decrease. Some notable
exceptions are at 600 V, 800 V (IC,0C=3.5 A), and 900 V. At 600 V, a small decrease
was initially measured, after which a maximum occurred. At 800 V (IC,0C=3.5 A)
and 900 V, the thrust was still increasing at the last data point taken with the
internal trim coil but the efficiency was decreasing probably because of increased
electron current.

The general trend for the discharge current was to either initially decrease
with internal trim coil current or remain approximately constant. Only the 400 V
case continually increased with the use of the internal trim coil. There was usually
a critical internal trim coil current after which the discharge current quickly
increased. This was attributed to an increase in the field line curvature that shorted
some of the electrons to the anode and rapidly increased the electron current.

Since the discharge current is the sum of the ion and electron current, simply
knowing the relative change in discharge current was not always sufficient to
determine whether it was the ions or electrons that were being affected the most
when the discharge current changed. Following the trends in the thrust and the
efficiency aids in this determination, but there were still inconclusive cases.
Measurements of the ion current (and hence, electron current) are needed to better
understand these trends. A method to compute the electron current from other

thruster properties is demonstrated in Chapter 12.
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The results at 800 V shown in Figures 7-15 and 7-16 suggest that further
improvements in the efficiency may be achieved at other voltages. In Figure 7-15,
the inner and outer coil currents were 3.5 A, and in Figure 7-16 these were set to 4.5
A. This method of increasing the coil currents was not systematically investigated
at other voltages. The 3.5 A case had the highest efficiency without the internal
trim coil, but a lower maximum efficiency than at 4.5 A when the internal trim coil
was energized. This was probably due to the relative reduction in the magnetic field
from using the internal trim coil. Using higher inner and outer coil currents with
the internal trim coil maintains the magnetic field intensity at the magnitude of the
lower inner and outer coil currents without the internal trim coil. Taken together,
the results at 800 V highlight the importance of both the magnitude and shape of

the magnetic field in achieving maximum thruster performance.

7.5.2.4 Overall performance trends

The data comparing operation with and without the internal trim coil in
Figures 7-20 through 7-24 show several important trends. In Figure 7-20, the
discharge current increased by more than 1 A as the voltage was increased from 300
to 1000 V whether or not the internal trim coil was used. At each voltage and at the
optimum internal trim coil current, the discharge current was essentially unchanged
from operation without the internal trim coil (the average increase was only 0.05 A).
In Figure 7-21, thrust always increased at the optimum current for the internal trim
coil, which resulted in a corresponding increase in the specific impulse (see Figure
7-23). Since, at the optimum internal trim coil current, the thrust increased while
the discharge current was constant, it was likely that the electron current

simultaneously decreased. However, measurements of the ion current and the ion
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species fractions would be needed to reach further conclusions. A method to
compute the electron current from other thruster properties is demonstrated in
Chapter 12.

Trends in the discharge current and thrust are brought together in the
efficiency characteristic shown in Figure 7-24. Without the internal trim coil, the
efficiency maximized at 600 V and then continually decreased. This same behavior
was observed in the thrusters discussed in section 3.2.2.1. The results with the
internal trim coil indicated there was always some performance benefit to altering
the magnetic field topography. Above 400 V, efficiencies were maintained above
50% while using the internal trim coil. Beyond 600 V, operation with the internal
trim coil initially decreased efficiency, then another minimum was reached at 800 V,
after which the efficiency increased at 900 and 1000 V. The largest gains in
performance were observed at 1000 V, where the thrust, specific impulse, and
efficiency improved by 10 mN, 200 s, and 5.5%, respectively, to 165 mN, 3360 s, and
51.5%. Overall, the performance trends demonstrated that the peak in the
efficiency characteristic observed without the internal trim coil could be
mitigated when the magnetic field topography was tailored for operation

at high-specific impulse.

7.5.2.5 Correlating performance with magnetic field topography

To quantify which changes in the magnetic field topography were influencing
the performance trends the most, results from the numerical simulations of the
magnetic field were analyzed. Other than field line shape, this analysis indicated

that the two most important aspects of the plasma lens characterizing changes in
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the magnetic field were the magnitude of the magnetic field at the anode and the
variation of the axial gradient of the radial magnetic field.

A vanishing magnetic field at the anode is desirable because this lowers the
fall voltage in the anode sheath that is required to maintain current continuity.
Moreover, it is undesirable for large electric fields (resulting from the fall voltage) to
persist at the anode as this increases the likelihood of ions being accelerated into the
channel walls. While avoiding anode falls should improve performance, this does
not explain the benefits observed at 800 V (4.5 A) and above. At those voltages,
because the internal trim coil current was so large, the radial magnetic field
reversed direction and increased in magnitude. At 800 V (4.5 A) and with the
internal trim coil energized, the magnitude of the radial magnetic field at the anode
on centerline |Branoael was about 14% of the maximum radial field on centerline
Brmax. In comparison, without the internal trim coil | Branode| was about 6% of By max,
and for voltages of 800 V (3.5 A) or less, this was reduced to only 2% (when the
internal trim coil was energized). The tendency then was for the internal trim coil to
drive the anode field towards zero except for the data that utilized the most negative
values of the internal trim coil current. From these observations, it was concluded
that the anode field was not the only factor improving performance.

As discussed in sections 5.2.2 and 5.2.3, the axial gradient of the radial
magnetic field strongly influences performance [2, 121, 224]. In the Russian
literature, the approach has usually been to define an average value of the gradient
based on the inverse of the scale length of variation of the radial magnetic field. It
appears that this length scale was defined either as the distance from the anode to

Bi max, or as the distance from B max to the position where the field falls to 0.80* B max.
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When applied to the magnetic fields from these experiments, there was no strong
correlation between either of these definitions for the length scale and the operating
point. It was concluded that a dimensionless axial gradient might be more
applicable. To define this number, the average gradient of the centerline radial
magnetic field was defined as

B _.-B
<V2Br> = r,Zmax _Zr,anode , (7_2)

max ‘anode

where zmax was the axial coordinate of Brmax, and zanode was the axial coordinate of
the anode. In order to non-dimensionalize the average gradient, a characteristic
length scale and magnetic field were needed. B:max Was chosen for the magnetic

field and the scale length was chosen as the distance from By, max to the anode

LB = Zmax_zanode * (7_3)

With these choices, the average, dimensionless gradient of the centerline radial

magnetic field was defined as

B
9= Ly x(V_B ) =1——" | (7-4)

zr

r,max r,max

The definition of &, while arbitrary, removed the dependence of the channel in the
calculation. This seemed appropriate because modern Hall thrusters are designed
with B maex located at or near the exit plane [2].

For a given channel length, the value of 9yields additional information about
Branode. When 4 1is equal to unity, Branode 1s Zzero. Values less than one correspond to
a positive value of Branode and values greater than one correspond to a negative value

of Branode. Figure 7-27 plots the value of $at each discharge voltage from these
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experiments. Without the internal trim coil, $was a constant value of 0.94. For
moderate values of the internal trim coil current (300-800 V [3.5 A]), the value of
Ywas on average 1.00. When the internal trim coil current was large (800 [4.5 A]-

1000 V), the value of $increased to an average of 1.14.
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Figure 7-27 Dimensionless gradient of the radial magnetic field versus discharge
voltage of the NASA-173Mv1 at 5 mg/s. (Anode #1)

These results implied that high-specific impulse thrusters operating at low
current densities might benefit from short channel lengths and steep gradients in
the magnetic field. Accordingly, the performance of the NASA-173Mv1 at flow rates
of 5 mg/s and at voltages above 800 V may see further improvements if the anode is
repositioned to the point where the centerline radial field vanishes. This point
closely corresponds to the saddle point shown in the field lines of Figure 7-26.

Studies of channel length dependence have been hindered in the past because
they usually did not change the magnetic field gradient along the length of the

channel or the gas distributor [235, 236]. So long as the magnetic field is properly
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modified, the real challenge of a short channel is maintaining uniform flow
distribution. Apparently, these difficulties have been largely overcome in the BPT-
4000, which employs a channel width to length ratio of 2:1 [217]. A long, narrow
anode may also be a viable solution. Such a configuration might resemble the anode

design typically used in anode layer thrusters (see Figure 3-2) [133].

7.5.3 Summary of results from section 7.5
The NASA-173Mv1 was operated at 300-1000 V and 5 mg/s to investigate

whether performance improvements could be realized by changing the magnetic
field topography with the internal trim coil. Without the internal trim coil,
maximum thruster efficiency occurred at a discharge voltage of 600 V. With the
internal trim coil energized, there was always some performance benefit to altering
the magnetic field topography. Above 400 V, efficiencies greater than 50% were
maintained and above 900 V greater than 3000 s specific impulse was demonstrated.
The largest gains in performance were observed at 1000 V, where the thrust, specific
impulse, and efficiency improved by 10 mN, 200 s, and 5.5%, respectively, to 165
mN, 3360 s, and 51.5%. The results demonstrated that the peak in the
efficiency characteristic observed without the internal trim coil could be
mitigated when the magnetic field topography was tailored for high-
specific impulse. Further, the results validated the design approach of the NASA-
173Mv1, which was based on the hypothesis that the magnetic field topography of a
high-specific impulse Hall thruster would be different than at 1600 s specific

impulse.
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Analysis of the magnetic field identified several factors that contributed to
the performance benefits gained by altering the magnetic field topography. These

factors were:

1. the symmetry of the magnetic field lines,

2. the concavity of the magnetic field lines,

3. the magnitude of the radial magnetic field at the anode face, and

4. the dimensionless axial gradient of the centerline, radial magnetic
field.

Other factors that were common to high-specific impulse operation with or
without the internal trim coil were:

1. the ratio of the radial magnetic field at the discharge chamber walls to

the centerline value, and

2. the magnitude of the magnetic field.

The magnetic field analysis suggested several ways to improve the magnetic
field of the NASA-173Mv1. These changes were later integrated into the follow-on
thruster, the NASA-173Mv2. The performance trends also demonstrated a need for
a rigorous examination of high-specific impulse Hall thrusters through probe-based
diagnostics. This study is the subject of part III of this dissertation, which begins

with Chapter 10.

7.6 Operating characteristics
This section describes the operating characteristics of the NASA-173Mv1l

after anode #1 was replaced with anode #2. The experiments in section 7.4 and 7.5
used anode #1. To quantify how the asymmetric neutral flow from anode #1 affected

thruster performance, section 7.6.1 begins by comparing the thruster characteristics
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with the different anodes. Next, to quantify how the plasma lens in the NASA-
173Mv1 improved performance, section 7.6.2 compares the NASA-173Mv1 to the P5.
Lastly, sections 7.6.3 through 7.6.6 discuss the results from a performance and
plasma characterization of the NASA-173Mvl. In Chapter 9, the results from
sections 7.6.3 through 7.6.6 are compared to results discussed in Chapter 8 for the
NASA-173Mv2.

All experiments described in this section were conducted in Vacuum Facility
12 (VF12) at NASA GRC. VF12 is described in section 6.2.2 and the various
diagnostics that were used are described in section 6.3. The NASA-173Mv1l had
been previously operated with anode #2 for over sixty hours before the experiments
described in this section began.

In the experiments, the thruster was operated at discharge voltages spanning
300-900 V and anode flow rates of 5-15 mg/s. Only data for anode flow rates of 10
mg/s span the entire voltage range of 300-900 V.34 The cathode flow rate was 10% of
the anode flow rate to ensure that there was a sufficient supply of electrons for
neutralization and ionization. The thruster was stable and capable of sustained
operation during the period when data at a given operating point were recorded.
The specific thruster operating points are described at the beginning of each of the
sub-sections that follow.

The general method for taking thrust data was to set the voltage and flow

rate and then the effects of each coil on discharge current, plasma oscillations, and

3 The experiments with the NASA-173Mv1 presented in this section were less complete (in terms of the voltages that
were tested and the amount of time spent optimizing performance at each operating point) than those discussed in
Chapter 8 for the NASA-173Mv2. This was because the NASA-173Mv2 had been fabricated and characterized before
the NASA-173Mvl could be characterized with anode #2. There was then less of a need to perform a full
characterization of the NASA-173Mvl since the NASA-173Mv2 design had already demonstrated high-efficiency,
high-specific impulse operation. Regardless, the NASA-173Mv1 experiments proved to be very useful in showing how
changes to the magnetic field in the NASA-173Mv2 resulted in superior performance at high-specific impulse (see
Chapter 9).
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anode efficiency were investigated. In this way, coil currents were identified that
were near maximum thruster efficiency. At some operating points, the internal trim
coil showed little or no benefit to thruster performance. Maximum efficiency was
generally realized where the discharge current and oscillations were minimized.
Plume measurements and plasma oscillation data were collected concurrently
after determining coil currents for a given voltage and flow rate from the
performance measurements. Similarly, the magnetic field was computed from

Gaussmeter measurements after the performance characterization.

7.6.1 Effects of neutral gas distribution

When the neutral gas distribution entering the discharge chamber of a Hall
thruster is azimuthally non-uniform, localized regions of intense ionization are
created around the circumference of the discharge chamber that create azimuthal
gradients of the plasma density. These density gradients can induce azimuthal
electric fields, which when coupled with the magnetic field, result in ExB particle
drifts into the walls and anode that increase thermal loads and decrease the current
utilization efficiency. As the thruster temperature rises, there is usually some point
where the discharge current will begin to increase rapidly. Shortly thereafter, the
plasma discharge will unexpectedly extinguish. The cumulative effects of
asymmetric propellant distribution are decreased thruster efficiency and limitations
of the thruster power range.

Replacing anode #1 with anode #2 in the NASA-173Mvl substantially
increased thermal margin, plume symmetry, and thruster performance. After the
anode was replaced, the thruster could be operated in excess of the previous limit of

5 kW (to date, the thruster has been operated at 85 kW without incident).
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Improvements to the symmetry of the ion current density profiles were also evident
(e.g., compare Figure 7-9 for anode #1 to Figures 7-37 through 7-41 for anode #2).
At all mass flow rates, the double peak profile was clearly defined and much more
symmetric about thruster centerline with anode #2.

Figures 7-28 through 7-31 highlight changes to thruster performance after
replacing the anode. The figures compare data collected with anode #2 to data from
section 7.5 collected with anode #1 when the thruster was operated at 5 mg/s.

Figure 7-28 shows the variation of the current-voltage characteristic of the
NASA-173Mv1 with the different anodes. At constant voltage, replacing the anode
generally decreased the discharge current. Without the internal trim coil, between
300-400 V the current dropped by only 0.02 A on average, but at 500-600 V the
current dropped by 0.16 A on average. Figure 7-29 shows how the thrust increased
by an average of 8 mN after replacing the anode. Expressed as a percentage of the
thrust at each voltage, thrust increased by an average of 8%. Since discharge
current decreased while thrust increased, replacing the anode must have decreased
the electron current to the anode and improved the focusing of ions exiting the
discharge chamber. The result was a substantial increase in thruster efficiency. As
shown in Figure 7-30, the anode efficiency increased by an average of 10% (absolute)

after replacing the anode.
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Figure 7-28 Discharge current versus discharge voltage for anode #1 and anode
#2 of the NASA-173Mv1l. At constant voltage, replacing the anode
decreased the discharge current.
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Figure 7-29 Thrust versus discharge voltage for anode #1 and anode #2 of the
NASA-173Mv1. Replacing the anode resulted in an average increase
in thrust of 8%.
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Figure 7-30 Anode efficiency versus discharge voltage for anode #1 and anode #2
of the NASA-173Mvl. Replacing the anode resulted in an average
increase in efficiency of 10% (absolute).
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Figure 7-31 Radial magnetic field versus discharge voltage for anode #1 and
anode #2 of the NASA-173Mv1l. Replacing the anode decreased the
required magnetic field at each voltage.
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Figure 7-31 shows the magnetic field at each voltage for the different anodes.
After replacing the anode, the required magnetic field decreased by an average of 7%
between 300-500 V and by 32% at 600 V. Recall that maximum efficiency occurred
at 600 V with anode #1 (see Figure 7-24). A decrease in magnetic field was not
unexpected, as this would tend to decrease the elevated axial electron current
resulting from the asymmetries. In effect, the thruster has to “fight” the electrons
harder when the asymmetries opened up “electron highways” through the dense

regions of the plasma.

7.6.2 Performance comparison to the UM/AFRL P5
After replacing the NASA-173Mv1l anode, thruster performance was

compared to the UM/AFRL P5 Hall thruster. The NASA-173Mv1 was based on
several aspects of the P5 design, with the notable exception of the magnetic field
topography (see section 7.2). Thus, differences in the performance and plume
characteristics were attributed to changes in the magnetic field.

Figure 7-32 compares the anode efficiency of the P5 and the NASA-173Mv1
at several discharge voltages and mass flow rates. To ensure the most accurate
comparison, the NASA-173Mv1 data were collected at the same mass flow rates as
the performance characterization of the P5 in Ref. [200]. The NASA-173Mv1l was
only operated at 300 and 500 V for this particular comparison. The P5 data are
included as Table A-1 in Appendix A. The NASA-173Mv1 data are included as Table
B-3 in Appendix B.

At all operating points, the efficiency of the NASA-173Mv1 was substantially
greater than the P5. For example, at 300 and 500 V and 14.5 mg/s, the efficiency of

the NASA-173Mvl was 18% and 10% greater (in absolute scale) than the P5,
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respectively. This was a marked improvement in thruster efficiency, which was
simply the result of changing the magnetic field topography.

The performance of the NASA-173Mv1 was also found to be comparable to
the performance of the 4.5 kW SPT-140 and the 4.5 kW BPT-4000 (not shown) [55,
56, 227, 237]. A similar statement can be made for the NASA-173Mv2 discussed in
Chapter 8. Table B-5 in Appendix B and Table C-4 in Appendix C include data used

to compare with the SPT-140 and BPT-4000 for the NASA-173Mvl and v2,

respectively.
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Figure 7-32 Comparison of the anode efficiency versus discharge voltage of the
P5 and the NASA-173Mv1 at 5.4-14.5 mg/s.

7.6.3 Performance (5-15 mg/s)
This section presents results from a performance characterization of the
NASA-173Mv1l. The NASA-173Mv1 was tested at anode flow rates of 5, 10, and 15

mg/s. By testing at constant flow rates, current density was held approximately

constant as the voltage increased, which was equivalent to increasing the power
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density. The data collected at 10 mg/s covered the largest range of discharge
voltages. Performance data are tabulated in Table B-4 in Appendix B.

The different thruster operating points are shown in the current-voltage
characteristic plotted in Figure 7-33. The discharge current slowly increased with
the discharge voltage. At a fixed voltage, changing the magnetic field with the
internal trim coil decreased the discharge current. Note that at 10 mg/s that the

discharge current was approximately constant between 600-900 V.
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Figure 7-33 Discharge current versus discharge voltage of the NASA-173Mv1 at 5-
15 mg/s.
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The thrust-to-total power ratio, total specific impulse, and total efficiency at
each of the operating points that were tested are shown in Figures 7-34 through
7-36, respectively. Over the entire range of operating conditions, the thrust-to-

power ratio varied from 38-68 mN/kW, thrust (not shown) varied from 83-392 mN,
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total specific impulse varied from 1530-3030 s, and total efficiency varied from 48.8-

61.5%.
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Figure 7-34 Thrust to total power ratio versus discharge voltage of the NASA-
173Mv1 at 5-15 mg/s.

In a cursory examination of the effects of the internal trim coil at 5 mg/s,
efficiency increased at 300 V and only marginally improved performance between
400-600 V (no data are shown for 400-600 V for this reason). This was still
consistent with the experiments in section 7.5, which showed the largest
improvements to performance at voltages greater than 600 V.

Benefits from the internal trim coil were measured at flow rates of 10 and 15
mg/s. The performance benefit resulted from an increase in thrust and a decrease in
discharge current when the internal trim coil was energized. Note that at 10 mg/s
that the efficiency was approximately constant between 600-900 V when the internal
trim coil was energized. The efficiency characteristic at 10 mg/s still indicated a

maximum around 500-600 V. This showed that additional changes to the magnetic
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field topography were still required to eliminate the efficiency peak. Such changes

were integrated in the design of the NASA-173Mv2 (see Chapter 8).
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Figure 7-35 Total specific impulse versus discharge voltage of the NASA-173Mv1
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Figure 7-36 Total efficiency versus discharge voltage of the NASA-173Mv1 at 5-15
mg/s.
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7.6.4 Ion current density (5-15 mg/s)

This section presents results from measurements of the ion current density in
the plume of the NASA-173Mv1. The NASA-173Mv1 was tested at anode flow rates
of 5, 10, and 15 mg/s and discharge voltages of 300 and 500 V. Coil currents were
chosen from performance measurements discussed in section 7.6.3 and presented as
Table B-4 in Appendix B. Plume profiles were measured with the inner and outer
coils alone and with the addition of the internal trim coil (if the internal trim coil
benefited performance). Figures 7-37 through 7-39 show the ion current density at
constant flow rate while Figures 7-40 and 7-41 show the ion current density at
constant discharge voltage. Differences in the plume profiles as a function of flow
rate, voltage, and magnetic field (due to using the internal trim coil) were quantified
by calculating the plume divergence (see section 6.3.2). Figures 7-42 and 7-43 show
the 95% plume divergence half-angle as a function of anode mass flow rate and
discharge voltage, respectively.

In general, the ion current density profiles shown in Figures 7-37 through
7-39 were symmetric about the thruster centerline (zero degrees) and showed a
double peak profile near centerline at each of the operating points. The symmetry of
the ion current density profiles compared to those shown in Figure 7-9 was
attributed to replacing anode #1 with anode #2 (see section 7.6.1). The double peak
structure was attributed to the annular ion beam that results from the discharge
chamber geometry. Additionally, the double peaks were taken as an indication that
the 1on beam was well-focused due to the plasma lens magnetic field topography (see
section 7.4).

The ion current density profiles also show a change in slope beginning around

50°. Experiments and numerical simulations on a number of different Hall thrusters
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have shown that the slope change results from the charge-exchange plasma present
in all vacuum facilities due to the finite backpressure [32, 191, 234, 238, 239]. No
attempts were made to correct for the effects of the charge-exchange plasma.

Changing the magnetic field topography with the internal trim coil markedly
affected the shape of the ion current density profiles and the plume divergence. In
general, when the internal trim coil was energized, a higher ion current density was
measured near centerline while a decrease was measured at high angles from
centerline. The net result was a decrease in plume divergence when the internal
trim coil was energized. The decrease in plume divergence was greatest at 10 mg/s,
where the divergence decreased by 6° at 300 V and by 4° at 500 V due to changing
the magnetic field with the internal trim coil. Expressed as a percentage, the
internal trim coil decreased plume divergence by 18% at 300 V and by 10 % at 500 V
for a flow rate of 10 mg/s. The percentage decrease at 300 V, 5 mg/s was 3% and at
300 and 500 V, 15 mg/s the decrease was 6%.

Figure 7-42 shows that the plume divergence increased with increased
discharge voltage, while Figure 7-43 shows that the plume divergence showed a
general decrease with increased mass flow rate. However, the trend with voltage
may be misleading because of the coarseness of the voltage interval. Shown in
Figure 8-15, the plume divergence of the NASA-173Mv2 reached a maximum at 400
V and then continually decreased up to 1000 V. Additional measurements are

needed to determine if a similar trend occurs with the NASA-173Mv1.
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Figure 7-37 Ion current density in the plume of the NASA-173Mv1 versus angular
position from thruster centerline at 5 mg/s.
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Figure 7-38 1Ion current density in the plume of the NASA-173Mv1 versus angular
position from thruster centerline at 10 mg/s.
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Figure 7-39 Ion current density in the plume of the NASA-173Mv1 versus angular
position from thruster centerline at 15 mg/s.

—
rul

NASA-173Mv1
300V

5 mg/s, ITC
——-— 10 mg/s, ITC
—--— 15 mg/s, ITC

e
=
1

. 2
Current Density ( mA/cm )

0.01

L . B e B R B L B B B B B B
-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90
Angular Position ( Degrees )

Figure 7-40 Ion current density in the plume of the NASA-173Mv1 versus angular
position from thruster centerline at 300 V.
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Figure 7-41 Ion current density in the plume of the NASA-173Mv1 versus angular
position from thruster centerline at 500 V.
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NASA-173Mv1 at 5-15 mg/s.
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Figure 7-43 95% plume divergence half-angle versus anode mass flow rate of the
NASA-173Mv1 at 300 and 500 V. The internal trim coil was energized
except at 300 V, 5 mg/s.

7.6.5 Discharge current oscillations (10 mg/s)

This section presents results from measurements of discharge current
oscillations of the NASA-173Mv1. Discharge current oscillations were measured at
an anode flow rate of 10 mg/s and discharge voltages of 300 and 500 V. Coil currents
were chosen from performance measurements discussed in section 7.6.3 and
presented as Table B-4 in Appendix B. Measurements were taken with the inner
and outer coils alone and with the addition of the internal trim coil. The power
spectral density, breathing-mode frequency, and the standard deviation of the
oscillations (expressed as a percentage of the mean discharge current) were
computed from the data. Figures 7-44 and 7-45 show the power spectra at 300 and
500 V, respectively. At each voltage, the breathing-mode frequencies are shown in

Figure 7-46 and the standard deviation of the oscillations are shown in Figure 7-47.
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Figure 7-44 Discharge current power spectra of the NASA-173Mv1l at 300 V, 10
mg/s.

160 i
o ITC| [
» 80 i
-5 i
S 40 i
a A I
z 0 )
8 NASA-173Mv1
2 160
2 500 V, 10 mg/s IC, OC| |
5 120
z
S 80
40

e}

0 20 40 60 80 100 120kHz
Frequency (kHz)

Figure 7-45 Discharge current power spectra of the NASA-173Mv1 at 500 V, 10
mg/s.
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Figure 7-46 Breathing-mode frequency versus discharge voltage of the NASA-
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Figure 7-47 Standard deviation of the discharge current oscillations versus
discharge voltage of the NASA-173Mv1lat 10 mg/s.
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The general effect of the internal trim coil on discharge current oscillations
was to concentrate more of the energy of the power spectrum into a narrower band of
frequencies centered on the breathing-mode frequency. This was most evident at
500 V (Figure 7-45), where the broadband distribution of the power spectrum was
replaced by a much stronger peak when the internal trim coil was used while the
magnitude of the oscillations (Figure 7-47) increased by only 4% (absolute). In
addition, the breathing-mode frequency marginally increased when the internal trim
coil was used. The breathing-mode frequency, which varied between 18.1-21.5 kHz
for all of the operating conditions, was in the expected range for a Hall thruster

[141].

7.6.6 Magnetic field (5-15 mg/s)

In this section, magnetic field measurements of the NASA-173Mv1 are
presented. As shown in Figure 7-48, the maximum, radial magnetic field on the
channel centerline of the NASA-173Mv1l was computed for each of the thruster
operating points investigated in section 7.6.3 using the magnetic field data shown in
Figure 7-7 and Figure 7-8. The magnetic field was calculated by finding the
contribution from each coil based on the coil currents from the various operating
points. The total magnetic field was then given by the sum of the magnetic field
provided by each coil. This method was valid because the magnetic circuit of the
NASA-173Mv1 exhibited a linear response to coil current up to 5 A (see sections
7.3.5 and 8.3).

In general, the required magnetic field was found to increase with increased
mass flow rate or discharge voltage (while holding the other constant). The internal

trim coil decreased the magnetic field when it was used. At 10 mg/s, the magnetic
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field decreased between 500 and 600 V, and then linearly increased between 600-900

V. The magnetic field increased by a factor of 2.0 between 300-900 V at a flow rate

of 10 mg/s.
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Figure 7-48 Radial magnetic field versus discharge voltage of the NASA-173Mv1
at 5-15 mg/s.

7.7 Conclusions

Designed and fabricated in a joint effort between the University of Michigan
and NASA Glenn Research Center, the laboratory-model NASA-173Mv1 Hall
thruster was conceived in order to understand the design challenges and physical
mechanisms determining performance at high-specific impulse. @ The design
approach of the NASA-173Mv1 was that changes to the magnetic field topography
would be required for efficient operation above 1600 s specific impulse. The basis of
these changes was a magnetic field topography shaped in the form of a plasma lens.
The magnetic circuit also incorporated an internal trim coil to allow for additional

flexibility in shaping the magnetic field with operating point.
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Experiments with the NASA-173Mv1 established the validity of the magnetic
field design. In a performance study at low current density, changes to the magnetic
field topography at high-specific impulse were shown to be critical to achieving
efficient operation. Analysis of the magnetic field identified several factors that
contributed to the performance benefits gained by altering the magnetic field
topography.

Additional experiments with the NASA-173Mv1 operating at nominal current
densities demonstrated that efficiency could be improved when the magnetic field
topography was tailored for high-specific impulse. However, the efficiency-voltage
characteristic of the NASA-173Mv1 still showed a maximum and was found to
asymptote at high-specific impulse.

The NASA-173Mv1 experiments validated the plasma lens design and
suggested several ways to refine the magnetic field topography. The follow-on
version, the GRC-developed NASA-173Mv2 discussed in the next -chapter,
incorporated design improvements suggested by its predecessor. In Chapter 9, the

relative merits of the two thruster designs are compared.
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Chapter 8

Development of the NASA-173Mv2

This chapter describes the development of the laboratory-model NASA-173M
version 2 (v2) Hall thruster. The NASA-173Mv2 was designed and fabricated for
operation at high-specific impulse at the NASA Glenn Research Center while the
author was employed as a NASA support service contractor with QSS Group, Inc.
[130]. The experiments described in Chapter 7 validated the design of the NASA-
173Mv1 and suggested several ways to refine the magnetic field for the NASA-
173Mv2 design. Additionally, other means to improve on the NASA-173Mv1 design
became evident as the authors experience grew in designing, fabricating, and
operating Hall thrusters.?>

In sections 8.1-8.3, the NASA-173Mv2 Hall thruster is described in terms of
its design objectives and approach, physical description, and magnetic field
topography. Section 8.4 describes a characterization of the NASA-173Mv2 that
considered the effects of current density and magnetic field topography on thruster
efficiency at high-specific impulse. These experiments demonstrated that changes to
the magnetic field of the NASA-173Mv2 resulted in a Hall thruster that was
optimized for high-specific impulse operation. In Chapter 9, the characteristics of

the NASA-173Mv1 and v2 thrusters are compared.

35 The design of the NASA-173Mv2 followed the development of the 50 kW NASA-457M [47]. The magnetic circuits
of the NASA-457M and NASA-173Mv2 were designed by the author while employed as a contractor with QSS Group,
Inc. at NASA GRC. The mechanical design of the NASA-173Mv2 was also significantly improved through a
collaboration between the author and NASA support service contractor Chris Griffiths of Zin Technologies.
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8.1 Design objectives and approach
The NASA-173M Hall thrusters were conceived in order to understand the

design challenges and physical mechanisms determining performance at high-
specific impulse (see section 7.1). The thrusters were designed based on the
hypothesis that the magnetic field topography required for efficient, high-specific
impulse operation would differ from that employed at 1600 s specific impulse.
Experiments with the NASA-173Mv1 described in Chapter 7 demonstrated that
efficient operation could be improved when the magnetic field topography was
tailored for high-specific impulse. However, the efficiency characteristic of the
NASA-173Mv1 still showed a maximum and was found to asymptote at high-specific
impulse. The NASA-173Mv1l experiments validated the design and suggested
several ways to refine the magnetic field topography. Accordingly, the GRC-
developed NASA-173Mv2 incorporated the design improvements suggested by its
predecessor. The goal with the NASA-173Mv2 was to eliminate the efficiency peak
completely and to obtain an efficiency characteristic that continuously increased
with specific impulse.

As with the NASA-173Mv1, wall effects and neutral flow uniformity were not
explicitly studied. The design of the NASA-173Mv2 was an effort to improve on the
performance of the NASA-173Mv1 by implementing changes to the magnetic field

topography.

8.2 Physical description
Shown in Figure 8-1, the NASA-173Mv2 is a single-stage, magnetic layer

Hall thruster sized to operated nominally at a discharge power of 5 kW. Figure 8-2

1s a photograph of the thruster operating at 300 V, 10 mg/s. The thruster body has
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an outer diameter of 270 mm and an overall length of 87 mm. Like the NASA-
173Mv1, the discharge chamber of the NASA-173Mv2 has an outer diameter of 173
mm, a channel width of 25 mm, and a channel depth of 38 mm.

The NASA-173Mv2 uses a laboratory-model hollow cathode from NASA GRC
that is capable of emission currents up to 20 A. As shown in Figure 8-1, the cathode
is positioned above the thruster. Cathode positioning is similar to the NASA-
173Mv1 (see section 7.2). To date, no attempts have been made to optimize
performance by changing the cathode position. For the experiments described here,
the cathode orifice was located approximately 30 mm downstream of the exit plane
and 30 mm radially away from the outer radius of the outer front pole piece at an
inclination of 30° from thruster centerline.

The NASA-173Mv2 is an evolved version of the NASA-173Mv1l that was
described in Chapter 7. The primary characteristics of the NASA-173Mv1 that are

maintained in the NASA-173Mv2 are:

1. the channel geometry (outer diameter, width, length),
2. discharge chamber walls made from boron nitride, and
3. the gas injection scheme of the anode.

Although qualitatively similar, the major difference between the NASA-173M
thrusters is the shape of the plasma lens magnetic field topography. Other
improvements have been made to the thermal design, assembly scheme, and mass of
the NASA-173Mv2. Since these changes were not relevant to quantifying
differences in thruster performance, differences in the performance and
plume characteristics between the NASA-173M thrusters were attributed to

changes in the magnetic field topography.
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Figure 8-1 Photograph of the laboratory-model NASA-173Mv2 Hall thruster.
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Figure 8-2 Photograph of the NASA-173Mv2 operating at 300 V, 10 mg/s.

8.3 Magnetic field topography

8.3.1 Magnetic circuit

The primary magnetic circuit of the NASA-173Mv2 consists of a fixed
structure of magnetic poles pieces, an inner coil (IC), and an outer coil (OC). Fine
control of the magnetic field is provided with an internal trim coil (ITC) and an
external trim coil (ETC). The magnetic circuit configuration of the NASA-173Mv2 is

similar to the generic schematic shown in Figure 5-6.

8.3.2 Plasma lens focusing
The magnetic field topography in the discharge chamber of the NASA-173M

Hall thrusters employ what is commonly referred to as a plasma lens (see section
7.3.3). The plasma lens in the NASA-173Mv2 is qualitatively similar to that of the
NASA-173Mv1. However, improvements to the lens curvature and symmetry were
incorporated in the NASA-173Mv2. The changes were inspired by experiments with

the NASA-173Mv1 that suggested a means to improve performance at high-specific

204



impulse without the use of trim coils. Since the exact changes are considered
proprietary to the On-Board Propulsion Branch at the NASA Glenn Research

Center, they will not be discussed here.

8.3.3 Internal trim coil

The internal trim coil primarily affects the radial magnetic field in the
discharge chamber (see section 5.1.4). When the coil is energized, the concavity of
the plasma lens (i.e., the axial gradient of the magnetic field, V2B:) can be changed
depending on the direction of the coil current. By convention, a negative coil current
subtracts from the radial magnetic field, increases the value of V.B,, and increases

the concavity of the plasma lens.

8.3.4 External trim coil

As shown in Figure 8-1, the external trim coil is an azimuthal coil located on
the outer radius of the thruster body. An external trim coil alters the magnetic field
downstream of the exit plane and near the cathode (see section 5.1.4). As shown in
Figure 5-10, with a negative current on the external trim coil, the field line

inclination is increased towards the radial direction.

8.3.5 Response of the magnetic circuit to applied coil current
The response of the NASA-173Mv2 magnetic circuit to the inner coil (IC),

outer coil (OC), and internal trim coil (ITC) was characterized using the Hall probe
and Gaussmeter described in section 6.3.4. The Hall probe was placed on the
channel centerline at the axial location of the maximum radial magnetic field. The
external trim coil was not tested for these measurements because this coil does not
affect the magnetic field in the discharge chamber. Other measurements with the

external trim coil have confirmed that it was operating as designed (not shown).
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Figure 8-3 shows the maximum, radial magnetic field on channel centerline
versus coil current for the inner and outer coils. The measured values (indicated as
“exp” in the figure) were normalized by an arbitrary constant B.,. The radial
magnetic field as a function of coil current was recorded for each coil without the
other coil being energized. In a Hall thruster, if the magnetic circuit is below
saturation (i.e., the magnetic field increase is linear with coil current), the total
magnetic field for arbitrary coil currents can be computed by linear superposition.
To demonstrate this, measurements were taken with both the inner and outer coils
energized to the same coil current by wiring the inner and outer coils in series on the
same power supply. The total magnetic field for equal coil currents from the inner
and outer coils was also computed (indicated as “comp” in the figure). Comparison of
the computed data showed excellent agreement with the experimental data.

Figure 8-4 shows the maximum, radial magnetic field on channel centerline
versus coil current for the internal trim coil. The measured values were normalized
by an arbitrary constant B,. The response of the magnetic circuit to the internal
trim coil was linear over the entire range of coil currents. A zero offset at zero coil
current was measured due to the residual magnetism of the magnetic circuit. The
offset is also present in Figure 8-3, but is less apparent due to the scale.

Over the range of coil currents that were tested, the magnetic field produced
by the magnetic circuit of the NASA-173Mv2 linearly increased. To study the
scaling of the magnetic field with discharge voltage, data from Figures 8-3 and 8-4
were used to compute the total magnetic field for specific operating points of the
thruster (see section 8.4.4). When computing the total magnetic field, the residual
magnetism was included in the contribution from the inner coil and subtracted from

the other coils (so that it was not counted more than once).
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Figure 8-3 Maximum, radial magnetic field on channel centerline versus coil
current for the inner coil (IC) and outer coil (OC) of the NASA-
173Mv2. (exp = measured data, comp = computed data)
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Figure 8-4 Maximum, radial magnetic field on channel centerline versus coil
current for the internal trim coil (ITC) of the NASA-173Mv2.
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8.4 Operating characteristics
This section describes the operating characteristics of the NASA-173Mv2.

Section 8.4.1 discusses a performance evaluation that was conducted to quantify the
effects of current density and magnetic field topography on thruster efficiency at
high-specific impulse. Additional experiments were conducted to measure the ion
current density of the plume (§8.4.2), discharge current oscillations (§8.4.3), and the
magnetic field (§8.4.4). In Chapter 9, results from this section are compared to the
NASA-173Mv1 from experiments discussed in section 7.6.

All experiments discussed in this section were conducted in Vacuum Facility
12 (VF12) at NASA GRC. VF12 is described in section 6.2.2 and the various
diagnostics that were used are described in section 6.3. The NASA-173Mv2 had
been previously operated for over 25 hours before these experiments began.

The effects of changing the magnetic field topography on thruster operation
were investigated by energizing the thruster coils in different combinations. These
coil combinations are labeled in the figures as:

1. IC, OC — only the inner and outer coils were energized,

2. ITC — the internal trim coil was energized in addition to the inner and

outer coils

3. ITC, ETC — both trim coils were energized in addition to the inner and

outer coils

4, ETC — the external trim coil was energized in addition to the inner

and outer coils.

Performance of the NASA-173Mv2 was mapped while varying the discharge
voltage from 300-1000 V at an anode flow rate of 5—10 mg/s and 300-600 V at an

anode flow rate of 15 mg/s. The cathode flow rate was always 10% of the anode flow
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rate. Ion current density and discharge current oscillation data were also collected
at an anode flow rate of 10 mg/s. Lastly, the magnetic field was computed based on
the coil currents that were used during the performance characterization.

The thruster was stable and capable of sustained operation during the period
when data at a given operating point were recorded. Additional details specific to
each experiment are described at the beginning of each of the sub-sections that

follow.

8.4.1 Performance (5-15 mg/s)

8.4.1.1 Methods and observations
The performance of the NASA-173Mv2 was evaluated over 300-1000 V at 5

and 10 mg/s and 300-600 V at 15 mg/s. Performance data are tabulated in Tables
C-1 through C-3 in Appendix C. The different thruster operating points are shown
in the current-voltage characteristic plotted in Figure 8-5. By testing at constant
flow rates, current density was held approximately constant as the voltage
increased, which was equivalent to increasing the power density. The maximum
power at which the thruster could be safely operated was determined to be 10 kW, so
no data were generated beyond this power level.

The cathode flow rate was maintained at 10% of the anode flow rate to ensure
there was a sufficient supply of electrons for neutralization and ionization. No
attempts were made to optimize the cathode flow, cathode position, or to minimize
the power dissipation of the coils. Minor improvements to the total specific impulse
and total efficiency should be possible if the cathode and coils are later optimized.

The general method for taking data was to set the voltage and flow rate and

then investigate the effects of each coil on discharge current, plasma oscillations,
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and anode efficiency. It was observed that the effects of the internal and external
trim coils on performance were nearly independent. It was therefore decided to
record data first with the internal trim coil energized, then with both trim coils.
This method was used only when both trim coils were beneficial to efficiency. For
example, if the internal trim coil showed no benefit, only external trim coil data
were collected.

After determining the general range of coil currents yielding near-optimum
efficiency, data were recorded at several coil currents in this range to ensure that
performance was indicative of the optimum. Only data at the coil currents resulting
in maximum performance are reported here. Maximum performance was generally
realized where the discharge current and oscillations were minimized. However,
there were cases when the discharge current would increase with efficiency when
the trim coils were energized.

The thruster was stable and capable of sustained operation (from tens of
minutes to hours) during the period when data at a given operating point were
recorded. At voltages greater than 300 V, the thruster became unstable for 10-30
minutes after the voltage was increased. This was attributed to instabilities
associated with movement of the plasma towards the anode. Internal probe
measurements have confirmed the movement of the plasma with voltage (see section
11.1). If the voltage was increased rapidly, oscillations would sometimes cause the
discharge to extinguish.

Movement of the plasma resulted in a gradual lengthening of the discharge
chamber erosion band. A “burn-off’ period at 600 V or more first confirmed this.
This burn-off was qualified by visually observing the erosion layer glowing orange-

red at its upstream boundary. Burn-off was observed only above 600 V, but it most
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likely occurred to a lesser extent at all voltages. The burn-off was quantified by an
increase in the discharge current and a decrease in efficiency. The thruster was
unstable during burn-off unless the coil currents were increased by a few Amperes
(typically by 0.5-2.0 A above the currents shown in Appendix C). After the burn-off
period at each voltage, which lasted 10-30 minutes, the coil currents could be
reduced and the thruster returned to a stable operating mode. Discharge current
also decreased after burn-off and the efficiency increased. Additionally, after burn-
off the voltage could be decreased and increased back to the burn-off voltage as

quickly as the power supply could accommodate the change.

8.4.1.2 Results and discussion

In this section, results from the performance evaluation of the NASA-173Mv2
are presented and discussed. Figures 8-5 through 8-8 show how changing the
magnetic field with the trim coils affected thruster operation. Specifically, Figure
8-5 shows the current-voltage characteristics and Figures 8-6 through 8-8 plot the
total efficiency versus voltage. Figures 8-9 through 8-12 show the performance
quantities from the coil combinations in Figures 8-6 through 8-8 that maximized
total efficiency at each operating point. Over the entire range of operating
conditions, thrust varied from 81-442 mN, the thrust-to-total power ratio varied
from 31-66 mN/kW, total specific impulse varied from 1510-3390 s, and total
efficiency varied from 47.1-63.5%.

The functional relationship of the discharge voltage and current is depicted in
Figure 8-5 for flow rates of 5, 10, and 15 mg/s, respectively. At constant flow rate,
the current was found to increase slowly with voltage. At a fixed discharge voltage,

energizing the trim coils generally reduced the discharge current and increased
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thrust. Exceptions to this trend were at 700-1000 V at 10 mg/s. At these operating
points, changing the magnetic field with the trim coils increased the discharge
current and thrust. In Chapter 12, it is shown that the rise in discharge current
with voltage at 10 mg/s was primarily due to increased ion current while the

electron current remained nearly constant.

- INASA-173Mv2
L |5 mg/s
”. . |—O—IC, 0C
- hZ§ [ |---{3--- ITC
g 146- - - -- ETC
;5; 10 mg/s
2 —O—1C, 0C
3 ---{}--- ITC
S ---/v--- ITC, ETC
= X ETC
@ 15 mg/s
A —O—1IC, 0C
---{}--- ITC
---/v--- ITC, ETC

300 400 500 600 700 800 900 1000
Discharge Voltage (V)

Figure 8-5 Discharge current versus discharge voltage of the NASA-173Mv2 at 5-
15 mg/s.

Figures 8-6 through 8-8 show total efficiency versus discharge voltage for
flow rates of 5, 10, and 15 mg/s, respectively. At a given flow rate and voltage,
efficiency was improved or remained unchanged by using the trim coils. When
efficiency was unchanged, there were still performance benefits since thrust usually

increased.

In Figure 8-6, the efficiency at 5 mg/s shows trends that are very similar to

the NASA-173Mv1 data shown in Figure 7-24. When the internal trim coil benefited
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performance, a positive coil current was applied (i.e., the concavity of the plasma
lens was reduced). The implications of these results are discussed further in section
9.4.1. Total efficiency at 5 mg/s spanned the range of 47.1% at 300 V to 52.1% at

1000 V.

0.55 -

> - [NASA-173Mv2
.§ L |5 mg/s

2 . |—O—1cC, OoC
(2} L

= - |---0O--- ITC
E - |-+~ ETC
o

B

300 400 500 600 700 800 900 1000

Discharge Voltage (V)

Figure 8-6 Total efficiency versus discharge voltage of the NASA-173Mv2 at 5
mg/s.

Figure 8-7 shows that total efficiency at 10 mg/s increased monotonically
with voltage. Total efficiency at 10 mg/s spanned the range of 52.7% at 300 V to
60.8% at 1000 V. Although 1000 V, 10 mg/s operation was near the power limit of 10
kW, the thruster was operated for one hour at this setting. The efficiency at 10
mg/s increased with voltage whether or not the trim coils were used, which
indicated improvements to the magnetic field topography in the NASA-
173Mv2 with respect to the NASA-173Mv1 were near the optimum required
for high-specific impulse operation. Unlike the data at 5 mg/s in Figure 8-6

that shows efficiency improved by as much as 5.6% (absolute), using trim coils at 10
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mg/s improved efficiency by an average of only 0.8% (absolute) and the maximum
increase was 1.6% (absolute). Overall, differences between the 5 and 10 mg/s
efficiency data imply there is a minimum current density necessary for

high-efficiency operation of the NASA-173Mv2.
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Figure 8-7 Total efficiency versus discharge voltage of the NASA-173Mv2 at 10
mg/s.

In Figure 8-8, the efficiency at 15 mg/s shows trends that are similar to
Figure 8-7, albeit at higher efficiencies. Total efficiency at 15 mg/s spanned the
range of 59.0% at 300 V to 63.3% at 1000 V. Anode efficiencies exceeded 70% at
500-600 V. As noted earlier, operation at 600 V, 15 mg/s was close to the 10 kW
power limit of the thruster. It was difficult to maintain the discharge at 600 V for
more than twenty minutes, which did not allow time to experiment with the trim

coils.36  Difficulties sustaining the discharge seemed to be driven more by the

3% During the course of writing this dissertation, a thermal characterization of the NASA-173Mv2 was conducted at
NASA GRC by the author. While the results of this characterization are not included here, it is worthy to note that the
thruster was successfully run to thermal steady-state at 600 V, 15 A. This operating condition was reached after
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combined influence of current and power density—rather than the power density

alone—since the thruster was operated for an hour at 1000 V, 10 mg/s.
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Figure 8-8 Total efficiency versus discharge voltage of the NASA-173Mv2 at 15
mg/s.

Thrust, total efficiency, total specific impulse, and the thrust-to-total power
ratio T/P:, for flow rates of 5, 10, and 15 mg/s are shown in Figures 8-9 through
8-12. At each operating point, the coil combinations corresponding to maximum

thruster efficiency from Figures 8-6 through 8-8 are shown.

Figure 8-9 shows the thrust produced by the NASA-173Mv2 at each voltage
and flow rate that were investigated. As expected, thrust increased with both

increased mass flow rate and voltage.

spending several hours at 600 V, 10 A then increasing the discharge current slowly to 15 A over the course of several
more hours. These results indicated that the maximum current and power density of the thruster has not yet been
found. Nonetheless, operation at elevated current and power densities is still a tricky business, so the observations and
conclusions made from the performance characterization described here are still thought to be generally valid.
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Figure 8-9 Optimized thrust versus discharge voltage of the NASA-173Mv2 at 5-
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Figure 8-10 Optimized total efficiency versus discharge voltage of the NASA-
173Mv2 at 5-15 mg/s.
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Figure 8-11 Optimized total specific impulse versus discharge voltage of the
NASA-173Mv2 at 5-15 mg/s.
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Figure 8-12 Optimized thrust-to-total power ratio versus discharge voltage of the
NASA-173Mv2 at 5-15 mg/s.
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Figure 8-10 shows the total efficiency at each flow rate. At a flow rate of 10
mg/s, total efficiency exceeded 60.0% at 800 V. The maximum total efficiency was
63.5% at 500 V, 15 mg/s. Trends in total efficiency emphasize the importance of
current density in achieving optimal performance. At a fixed voltage, efficiency
improved at each higher flow rate because mass utilization is known to increase
with current density. At fixed mass flow rate, current density also has a role in
optimizing efficiency with increasing voltage, as shown by the contrasting efficiency
characteristics at 5 and 10 mg/s (see section 9.4 for more).

Figure 8-11 shows the total specific impulse at each flow rate. At 10 mg/s,
greater than 3000 s total specific impulse was demonstrated at 800 V. The
maximum total specific impulse was 3390 s at 1000 V, 10 mg/s. The specific impulse
also increased, like efficiency, with current density at a fixed voltage because of
improved mass utilization. However, unlike efficiency, the specific impulse always
increased with voltage at constant mass flow rate. This was because thrust always

increased with voltage (see Figure 8-9), and the thrust and specific impulse ideally

scale with discharge voltage as T o« Iy oc V.

Trends in efficiency and specific impulse are best understood by considering
the T/P; ratio, shown in Figure 8-12. The T/P; ratio showed a weak dependence
with current density at 300-500 V. At 600 V or above, the T/P;: ratio at 5 mg/s
decreased faster than at 10 mg/s, which corresponded to the decrease in efficiency
shown in Figure 8-10. The drop in efficiency can be understood by considering the

scaling of the T'/P: ratio with voltage. At a constant flow rate, efficiency scales as 7

o T2/P; oc T/P; * Vgq*. Thus, if the T/P; ratio scales with voltage at a power of less

than —%, the efficiency will decrease. A power law curve fit to the 5 mg/s data in
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Figure 8-12 shows that T/P; o« V4%%, while the 10 mg/s data scales as T/P; oc Vg%,
This result shows that the decrease in efficiency that was observed at 5
mg/s was most likely due to increased electron current, rather than a
decrease in ion current or a large increase in multiply-charged ions.
Overall, the performance and operating characteristics of the NASA-173Mv2
highlight the challenges of operating Hall thrusters over a large range of current
and power densities. Depending on the application, the challenge is maintaining
efficient operation without exceeding current and power density limitations. In a
constant current application, throttling from 300 to 1000 V requires an increase in
the power density by more than a factor of three. However, this may not be an issue
since data at 10 mg/s has shown the NASA-173Mv2 was stable over these power
densities. In constant power applications, however, problems may arise if the
throttling range is beyond the thermal capabilities of the thruster. This is because
at the highest voltage, the thruster should be sized to yield acceptable efficiency.
Throttling at constant power to a lower voltage will then increase the current
density. Recall that operation of the NASA-173Mv2 at 600 V, 15 mg/s was only
sustained for twenty minutes as opposed to 1000 V, 10 mg/s, which was sustained
for an hour. Both of these operating points are nearly the same power density, but
current density is 50% higher at 15 mg/s than at 10 mg/s. This underscores the
importance of current and power density considerations that could limit the

throttling range in constant power applications.

8.4.2 Ion current density (10 mg/s)
Ion current density measurements in the plume of the NASA-173Mv2 and

discharge current oscillation data (see section 8.4.3) were collected concurrently
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after determining optimum coil currents from the performance characterization
discussed in section 8.4.1. Ion current density measurements were made at 10 mg/s
at voltages of 300—1000 V. At each voltage, plume profiles with the inner and outer
coil alone were measured. At 300-600 V, the internal trim coil and the combined
influence of both trim coils were documented. At 700-1000 V, only data with both
trim coils energized were collected, with the exception of 1000 V, which included a
data set with the external trim coil.

Figure 8-13 shows results from 300-600 V and Figure 8-14 includes data
from 700-1000 V. Both figures include only data with both trim coils energized.
Differences in the plume profiles with the other coils were quantified by calculating
the plume divergence. Figure 8-15 shows the 95% plume divergence half-angle
versus voltage for all of the coil combinations that were investigated. (See section
6.3.2 for how plume divergence was defined.) Figure 8-15 shows divergence reached
a maximum of 38° at 400 V and a minimum of 28° at 1000 V.

The double peak structure of the ion current density profiles in Figures 8-13
and 8-14 was attributed to the annular geometry of the discharge chamber. The
current density peaks were more pronounced as the voltage increased; indicating
more of the ion current was located near centerline. It is likely that the asymmetry
in the profiles was the result of azimuthal non-uniformity of the neutral gas
distribution. In section 7.6.1, the effects of neutral asymmetries substantially
lowered the efficiency of the NASA-173Mv1 with anode #1. However, based on
the favorable performance and thermal margin of the NASA-17TMv2,
asymmetries in the plume profiles were judged to affect thruster operation

only marginally.
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Figure 8-13 Ion current density in the plume of the NASA-173Mv2 versus angular
position from thruster centerline at 10 mg/s, 300-600 V.
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Figure 8-14 1Ion current density in the plume of the NASA-173Mv2 versus angular
position from thruster centerline at 10 mg/s, 700-1000 V.
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Figure 8-15 95% plume divergence half-angle versus discharge voltage of the
NASA-173Mv2 at 10 mg/s.

Plume divergence is determined by a number of processes, including: radial
electric fields in the acceleration zone, the axial location of the acceleration zone,
thermal spreading at the ion acoustic velocity, particle collisions in the plume and
even plasma oscillations [2, 141, 240, 241]. How these processes scale, and which
ones dominate, is not completely understood, but divergence should scale as the
ratio of radial to axial ion velocity if the influence of plume collisions and plasma
oscillations can be neglected. Thus, a decreasing divergence angle with voltage
would imply that axial velocities are increasing at a faster rate than radial

velocities.

As shown in Figure 8-15, plume divergence increased between 300—400 V,
followed by a continual decrease. The initial increase was attributed to a large

increase in plasma oscillations (see Figure 8-19). Excluding the 300 V data,

divergence was found to decrease from 400—1000 V as fosoc Va%%. Assuming that
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radial electric fields and thermal expansion dominate the radial expansion, it can be

shown that the electron temperature controlling divergence was scaling as Tep

o« Va”¥.  Numerical simulations (with zero wall losses) by Ahedo are in close
agreement, which suggested the electron temperature at the ion sonic transition in

the discharge chamber scales as Te s oc Va [242].

Figure 8-15 shows that the external trim coil increased divergence, while the
internal trim coil decreased divergence. For example, at 1000 V the external trim
coil increased divergence, but when the internal trim coil was added, a drop was
observed. Data at 300-600 V also shows that the divergence decreased with the
internal trim coil and then increased when the external trim coil was added.
Further, the cathode potential data shown in Table C-2 of Appendix C, which is a
measure of the electron coupling with the discharge, shows that the external trim
coil increased the cathode potential (i.e., decreased the magnitude with respect to
ground). Taken together, the divergence and cathode potential trends
indicate that the external trim coil improved efficiency by acting primarily
on the electrons.

The effects of the internal trim coil are more complex than the external trim
coil because the internal trim coil alters the magnetic field inside the discharge
chamber. Figure 8-15 shows that the internal trim coil decreased divergence while
the data in Table C-2 of Appendix C shows (with few exceptions) that the cathode
potential became more negative, the discharge current decreased and the thrust
increased. The changes in cathode potential and discharge current implied

the internal trim coil decreased the axial electron current, while the
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increase in thrust suggested that the ion focusing was improved when the

internal trim coil was used.

8.4.3 Discharge current oscillations (10 mg/s)

Discharge current oscillations at 300—1000 V, 10 mg/s were measured at the
same coil combinations as the ion current density in section 8.4.3. The power
spectral density, breathing-mode frequency, and the standard deviation of the
oscillations (expressed as a percentage of the mean discharge current) were
computed from the data. Representative plots of the power spectra at 300 and 1000
V are shown in Figures 8-16 and 8-17, respectively. In Figures 8-18 and 8-19, the
voltage dependence of the breathing-mode frequency and the standard deviation of
the oscillations are shown, respectively.

As shown in Figures 8-16 and 8-17, energizing the trim coils affected the
power spectra at 300 and 1000 V. Figure 8-16 at 300 V shows how the broadband
distribution without trim coils was replaced by a much stronger peak when the trim
coils were used. This peak is usually associated with the breathing-mode ionization
instability (see section 6.3.3). Adding the external trim coil to the internal trim coil
broadened the distribution, but there was still less broadening than when both trim
coils were not used. The dependence of the standard deviation (see Figure 8-19)
when the trim coils were energized was weak at 300 V, indicating that more of the
energy was being concentrated into a narrower band of frequencies.

Figure 8-17 shows the power spectra at 1000 V. In this figure, note that
operation with only the external trim coil, and then the combined influence of both
trim coils are shown. The external trim coil data at 1000 V showed broadening

similar to when the external trim coil was added to the internal trim coil at 300 V
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(see Figure 8-16). A primary difference between 300 and 1000 V was the presence of
a new oscillatory mode in the 80-90 kHz frequency band. This mode was present at
all voltages between 500—1000 V and overall the external trim coil excited the mode,
while the internal trim coil dampened the mode.

Gascon, et al. considered discharge current oscillations in the SPT-100ML in
an experimental study spanning discharge voltages between 100-600 V [109]. In
that study, between 340-520 V, high-frequency harmonics of the 20-25 kHz
breathing-mode frequency were measured between 45-55 kHz and 70-80 kHz, and at
voltages of 540-600 V, the breathing-mode frequency suddenly decreased to 15 kHz
while the high-frequency harmonics were replaced with broadband noise between
10-60 kHz. (As shown in Figure 8-18, a similar decrease of the breathing-mode
frequency was not observed in the NASA-173Mv2.) In a companion paper to Ref.
[109], Barral, et al. attributed the decrease in the breathing-mode frequency to
space-charge saturation of the wall sheaths due to the effects of intense secondary
electron emissions from the walls [110]. At this time, it is not known if the high-
frequency modes measured by Gascon, et al. are the same as those measured with
the NASA-173Mv2. Choueiri has also considered plasma oscillations in the 25-100
kHz range, but his analysis was restricted primarily to the effects of the magnetic
field at constant voltage [141]. Additional studies are needed to reach further
conclusions regarding the nature of the oscillations in the 50-100 kHz frequency

band with the NASA-173Mv2.
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Figure 8-16 Discharge current power spectra of the NASA-173Mv2 at 300 V, 10
mg/s.
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Figure 8-17 Discharge current power spectra of the NASA-173Mv2 at 1000 V, 10
mg/s.

As shown in Figure 8-18, there was a gradual shift to higher frequencies of

the breathing-mode frequency, from 14.5 kHz at 300 V to 22 kHz at 1000 V. The
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breathing-mode frequency was in the expected range for a Hall thruster [141]. The
trim coils generally lowered the breathing-mode frequency at each voltage. For
example, at 300 V the breathing-mode frequency decreased from 17.5 kHz to 14.5
kHz when the trim coils were used. At 1000 V, the breathing-mode frequency
marginally increased from 26.5 kHz to 28 kHz with the external trim coil, then

dropped to 22 kHz when the internal trim coil was energized.
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Figure 8-18 Breathing-mode frequency versus discharge voltage of the NASA-
173Mv2 at 10 mg/s.

As shown in Figure 8-19, a large increase in the standard deviation of the
discharge current oscillations was measured between 300 and 400 V, which
persisted until 600 V. Between 700-1000 V, the standard deviation dropped again
to another plateau. In general, the trim coils decreased the magnitude of
oscillations at a fixed voltage.

The increased oscillations roughly coincided with the range of voltages where

efficiency peaked in the NASA-173Mv1 and other Hall thrusters (i.e., 500-800 V)
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[133, 175, 176]. It may be that efficiency begins to decrease in other thrusters at a
critical voltage due to increased discharge current oscillations related to the rapid
onset of space-charge saturation of the wall sheaths [109, 110]. This is thought to be
an indication that plasma oscillations and wall effects are playing a significant role
determining efficiency with increasing voltage. Apparently, the magnetic field
in the NASA-173Mv2 is effective at controlling oscillations (and by
extension, the axial electron current) above 600 V so that efficiency does

not begin to decrease.

[\
(@)
P IR

DO
]
i IR

NASA-173Mv2

[ |10 mg/s
—O—1C, 0C
---{ |--- ITC

[ |--=/x-=+ ITC, ETC
| X ETC

—
]
P IR

Standard Deviation (% of Mean)
—
T

()]
|
e

0. i
T T T

T T T T T
300 400 500 600 700 800 900 1000
Discharge Voltage (Volts)

Figure 8-19 Standard deviation of the discharge current oscillations versus
discharge voltage of the NASA-173Mv2 at 10 mg/s.

8.4.4 Magnetic field (5-15 mg/s)

In this section, magnetic field measurements of the NASA-173Mv2 are
presented. As shown in Figure 8-20, the maximum, radial magnetic field on the
channel centerline of the NASA-173Mv2 was computed for each of the thruster

operating points investigated in section 8.4.1 using the magnetic field data shown in
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Figures 8-3 and 8-4. Since the external trim coil does not affect the magnetic field in
the discharge chamber, there are no data shown explicitly for the operating points
that made use of the external trim coil. The magnetic field was calculated by finding
the contribution from each coil based on the coil current from the various operating
points. The total magnetic field was then given by the sum of the magnetic field
provided by each coil. This method was valid because the magnetic circuit of the

NASA-173Mv2 exhibited a linear response to coil currents up to 5 A (see section 8.3).
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Figure 8-20 Radial magnetic field versus discharge voltage of the NASA-173Mv2
at 5-15 mg/s.

In general, the magnetic field increased with increased mass flow rate or
discharge voltage. For constant mass flow rates, the magnetic field increase was
nearly linear with voltage. At 10 mg/s, the magnetic field abruptly increased
between 300-400 V and then linearly increased between 400-1000 V. Recall that
plume divergence and discharge current oscillations also increased between 300-400

V (see Figures 8-15 and 8-19). The magnetic field increased by a factor of 1.5
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between 300-400 V and by a factor of 1.7 between 400-1000 V at 10 mg/s. Overall,

the magnetic field increased by a factor of 2.6 between 300-1000 V at 10 mg/s.

8.5 Conclusions
The laboratory-model NASA-173Mv2 was conceived in order to understand

the design challenges and physical mechanisms determining the performance of
high-specific impulse Hall thrusters. While experiments with the NASA-173Mv1
established the validity of the plasma lens magnetic field design, the NASA-173Mv1
still showed a maximum in the efficiency at high-specific impulse. With the NASA-
173Mv2, the goal was to obtain a continuously increasing efficiency with increasing
specific impulse. A performance characterization of the NASA-173Mv2 has
confirmed that this goal was met.

Experiments with the NASA-173Mv2 have documented the influence of
current density and magnetic field topography on the performance, plume
divergence and plasma oscillations of high-specific impulse Hall thrusters. The key
results and conclusions include:

1. The maximum in the efficiency-voltage characteristic observed in
other xenon Hall thrusters, including the NASA-173Mv1, has been
eliminated with the NASA-173Mv2. A performance mapping of the
NASA-173Mv2 at voltages up to 1000 V and at several current
densities showed there was a minimum current density and optimum
magnetic field topography at which efficiency monotonically increased
with voltage.

2. While enhancing performance overall, trim coils were not required

to obtain a continuously increasing efficiency-voltage
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characteristic. This demonstrated that traditional magnetic circuits
can still be used if the fixed magnetic field topography is properly
designed.

Between 300-1000 V and an anode mass flow rate of 10 mg/s, the total
specific impulse of the NASA-173Mv2 ranged from 1600-3400 s with a
corresponding total efficiency of 51-61%.

The use of trim coils to modify the magnetic field improved
performance while decreasing plume divergence and the frequency
and magnitude of plasma oscillations. This may ultimately prove to
be the greatest utility of trim coils, since controlling divergence and
oscillations is critical to extending thruster lifetime.

Plume divergence was shown to decrease over the range of 400-1000
V from a maximum of 38° to a minimum of 28°. An increase in
divergence from 300 to 400 V was attributed to plasma oscillations.
The breathing-mode frequency steadily increased with voltage, from
14.5 kHz at 300 V to 22 kHz at 1000 V.

It was shown that the trim coils influenced the magnitude and
frequency content of discharge current oscillations. Using the
external trim coil broadened the power spectrum while the effect of
the internal trim coil was to localize the energy to a narrower band of
frequencies.

The emergence of additional oscillatory modes in the 80-90 kHz

frequency band when the discharge voltage exceeded 500 V has been

231



reported. Modifying the magnetic field with the trim coils has also
been shown to affect this frequency band.

At optimum thruster efficiency, a nearly linear increase of the
magnetic field was measured with increasing discharge voltage.
Between 300-1000 V, the magnetic field increased by a factor of 2.6 at

mass flow rates of 10 mg/s.
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Chapter 9

Discussion I - Comparison of the NASA-173M
Hall thrusters

Experiments with the NASA-173M Hall thrusters established that efficient
operation at high-specific impulse is possible if a minimum current density is
maintained and the magnetic field topography is properly shaped. In this chapter,
the characteristics of the two thrusters are compared in terms of ion current density,
discharge current oscillations, magnetic field, and efficiency. Due to the limited data

at 5 and 15 mg/s, the discussion is focused mostly on results at 10 mg/s.

9.1 Ion current density
Figures 9-1 and 9-2 compare the plume profiles of the NASA-173M Hall

thrusters at an anode flow rate of 10 mg/s and discharge voltages of 300 and 500 V,
respectively. Plume divergence angles computed from the ion current density
profiles are compared in Figure 9-3. Data from the NASA-173Mv1 were limited to
300 and 500 V, while the NASA-173Mv2 data spans the range of 300-1000 V. At
each operating condition, the data shown corresponds to the coil combination that
yielded maximum efficiency. For both thrusters, maximum efficiency was obtained
when the trim coils were energized.

At 300 V, the plume profile of the NASA-173Mv1 was substantially narrower

than the NASA-173Mv2. While the centerline current densities were nearly the
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same, the NASA-173Mv1 profile at high angles from centerline decayed faster than
the NASA-173Mv2, which resulted in a large difference in plume divergence
between the thrusters. At 300 V, the plume divergence angle was 27° with the
NASA-173Mv1 and 33° with the NASA-173Mv2.

At 500 V, the plume profiles were nearly the same for the thrusters over all
angles. One noticeable difference is the shape of the NASA-173Mv1 profile at high
angles. Unlike the NASA-173Mv2, which exhibits a large change in slope around
60°, the change in slope with the NASA-173Mvl was much less pronounced.
Differences between the plume profiles were minor at 500 V, as evidenced by the
computed plume divergence. At 500 V, the plume divergence angle was 36° with the
NASA-173Mv1 and 35° with the NASA-173Mv2.

The effects of changing the magnetic field with the trim coils affected the
plume divergence more with the NASA-173Mv1 than the NASA-173Mv2. This is
shown by comparing effects of the trim coils on the plume divergence angles at 300
and 500 V, 10 mg/s in Figures 7-42 and 8-15. With the NASA-173Mv1, divergence
decreased by 6° at 300 V and by 4° at 500 V when the internal trim coil was used.
With the NASA-173Mv2, divergence decreased by 4° at 300 V and was unchanged at
500 V when the internal trim coil was used. Except for 300 V, plume divergence was
only changed by an average of 0.2° (sometimes, the trim coils increased divergence)
with the NASA-173Mv2 over 400-1000 V, whereas with the NASA-173Mv1 plume
divergence was increased by an average of 3° at all voltages and flow rates that were

tested.
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Figure 9-1 Ion current density in the plume of the NASA-173M Hall thrusters
versus angular position from thruster centerline at 10 mg/s, 300 V.
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Figure 9-2 Ion current density in the plume of the NASA-173M Hall thrusters
versus angular position from thruster centerline at 10 mg/s, 500 V.
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Figure 9-3 95% plume divergence half-angle versus discharge voltage of the
NASA-173M Hall thrusters at 10 mg/s.

At least at 300 and 500 V, the relatively minor change in the plume
divergence of the NASA-173Mv2 caused by the trim coils indicated that the plume
focusing was already near the optimum with the magnetic field supplied by the
inner and outer coils alone. This conclusion correlated with the observed change in
thruster efficiency when using trim coils. In the NASA-173Mv1, using the internal
trim coil improved efficiency by an average of 2.3% at 300-800 V, 10 mg/s (see Figure
7-36), whereas with the NASA-173Mv2, efficiency improved by an average of only

0.8% at 300-1000 V, 10 mg/s (see Figure 8-7).

9.2 Discharge current oscillations

Figures 9-4 and 9-5 compare the breathing-mode frequency and the standard
deviation of the discharge current oscillations, respectively, of the NASA-173M Hall
thrusters at an anode flow rate of 10 mg/s. At each operating condition, the data

shown corresponds to the coil combination that yielded maximum efficiency. For
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both thrusters, maximum efficiency was obtained when the trim coils were
energized. Data from the NASA-173Mv1 were limited to 300 and 500 V, while the

NASA-173Mv2 data spans the range of 300-1000 V.
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Figure 9-4 Breathing-mode frequency versus discharge voltage of the NASA-
173M Hall thrusters at 10 mg/s.

At 300 and 500 V, there were only minor differences between the thrusters
for either the breathing-mode frequency or the magnitude of the discharge current
oscillations. However, for the NASA-173Mv1 at 500 V it may be significant that the
discharge current oscillations were nearly the same as at 300 V. In the NASA-
173Mv2, a large increase in oscillations was observed between 300-400 V that
persisted until 600 V. Since the current oscillations were nearly constant with the
NASA-173Mv1l between 300-500 V, this may be an indication that the NASA-
173Mv1 magnetic field topography is better suited for operation at 300-500 V. Such
a conclusion is consistent with the comparison of efficiency for the thrusters shown

in Figure 9-8. Additional discharge current measurements with both thrusters,
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especially the NASA-173Mv1, are needed to establish the connection between

discharge current oscillations and thruster efficiency further.
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Figure 9-5 Standard deviation of the discharge current oscillations versus
discharge voltage of the NASA-173M Hall thrusters at 10 mg/s.

9.3 Magnetic field

Figure 9-6 compares the maximum radial magnetic field on channel
centerline for the NASA-173M Hall thrusters at anode flow rates of 5, 10, and 15
mg/s. At each operating condition, the data shown corresponds to the coil
combination that yielded maximum efficiency. For both thrusters, maximum
efficiency was obtained when the trim coils were energized.

At constant flow rate, Figure 9-6 shows that the magnitude of the magnetic
field and the scaling of the magnetic field with voltage were nearly the same
between the thrusters. Since the magnitude of the magnetic field was nearly
the same, but the efficiency was not (see Figure 9-8), the shape of the
magnetic field was concluded to be more critical than its magnitude.

Further, it is significant that the magnetic field could not be increased enough (at
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fixed voltage) to maintain thruster efficiency at 5 mg/s in either thruster. At 5 mg/s,
neither changes to the magnitude or shape of the magnetic field (with the trim coils)
could keep efficiency from decreasing (with either thruster, efficiency reached an
asymptote at high-voltage). A possible explanation for the efficiency trend at 5 mg/s

1s proposed in section 9.4.1.
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Figure 9-6 Radial magnetic field versus discharge voltage of the NASA-173M
Hall thrusters at 5-15 mg/s.

Depending on the approach that is taken, theoretical considerations predict
that the scaling of the magnetic field with voltage should go either as the square root
(Br o« V4i/2) [2, 3] or be linear (Br « Vag) [175, 243]. At constant flow rate, the
magnetic field scaling of the NASA-173M Hall thrusters generally approached
linearity, especially at 10 mg/s. However, the change in magnetic field with voltage
did show differences over certain voltages and flow rates. For example, for the
NASA-173Mv2 at 5 mg/s, there was a noticeable increase in the slope of the

magnetic field variation between 300-700 V and 700-1000 V. In addition, the
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magnetic field sharply increased between 300-400 V with the NASA-173Mv2 at 10
mg/s, then increased at a nearly linear rate between 400-1000 V. In general, while
the variation of the magnetic field with voltage approached linearity with either
thruster, additional measurements at smaller voltage intervals are needed to

compute the magnetic field scaling with voltage more accurately.

9.4 Efficiency
In this section, the efficiency of the NASA-173M Hall thrusters at anode flow

rates of 5, 10, and 15 mg/s over a voltage range of 300-1000 V is discussed. At each
operating condition and unless noted otherwise, the data shown in this section
corresponds to the coil combinations that yielded maximum efficiency. For both

thrusters, maximum efficiency was obtained when the trim coils were energized.

9.4.1 Effects of current density

To illustrate the importance of current density in achieving efficient
operation at high-specific impulse, trends in the anode efficiency of the NASA-173M
Hall thrusters at 5 mg/s are discussed in this section. Figure 9-7 compares the
anode efficiency of the thrusters at 5 mg/s when anode #1 was used with the NASA-
173Mv1. For the NASA-173Mv1, data taken with anode #1 are used for comparison
since these data spanned 300-1000 V (data with anode #2 only spanned 300-600 V).
Anode efficiency is shown in Figure 9-7 since some of the data taken with the NASA-
173Mv1 using anode #1 varied the cathode flow fraction. Since anode #1 decreased
efficiency due to neutral asymmetries (see section 7.6.1), the focus in this section is
on the relative change in efficiency with voltage rather than on absolute numbers.
For reference, the total efficiency of the thrusters is compared (with anode #2 for the

NASA-173Mv1) in Figure 9-8.
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At 5 mg/s, the anode efficiency of the NASA-173Mv2 shows trends that are
very similar to the NASA-173Mv1l. Both thrusters reached a maximum efficiency,
despite the use of trim coils, which occurred at 500 V in the NASA-173Mv2 and 600
V in the NASA-173Mv1 for anode #1. Above the maximum efficiency, trim coils

improved efficiency but at best the efficiency reached an asymptote with increased

voltage.
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Figure 9-7 Anode efficiency versus discharge voltage of the NASA-173M Hall
thrusters at 5 mg/s. The data shown for the NASA-173Mv1 was taken
with anode #1 (see section 7.6.1).

Additionally, when trim coils were used at 5 mg/s the gain to efficiency was
greatest at the highest voltages. For example, for the NASA-173Mv2 at 300 V trim
coils improved efficiency by 0.6% while at 1000 V efficiency increased by 5.6% (see
Figure 8-6). The NASA-173Mv2 showed no improvement with the internal trim coil
at 500 V or less; only the external trim coil was effective. Above 500 V, only the
internal trim coil increased efficiency in the NASA-173Mv2. Further, positive
internal trim coil currents were found to improve efficiency in the NASA-173Mv2 at

5 mg/s, while negative currents were always beneficial in the NASA-173Mv1. Recall
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that positive internal trim coil current decreases V.Bralong the channel. Since V.B:
is greater in the NASA-173Mv2 than the NASA-173Mv1, this implies there is
an optimum value of V:B:-at 5 mg/s, which can be determined by comparing
the magnetic fields in both thrusters.

While an optimum magnetic field can be inferred from the data, it is
significant that the relative variation of the anode efficiency at 5 mg/s was nearly
identical between the thrusters despite the fact that the magnetic field topographies
were different. This strongly suggested that current density was the dominant
factor determining efficiency at 5 mg/s. (At 10-15 mg/s, the magnetic field was
thought to be more important since at these higher flow rates the efficiency
maximum was eliminated in the NASA-173Mv2 but not in the NASA-173Mv1, see
Figure 9-8). A possible explanation for the efficiency trends at 5 mg/s is proposed in
the following.

Regardless of the flow rate, as the discharge voltage is increased the
challenge is to minimize electron back streaming and multiply-charged ion
production while maintaining an average electron temperature that allows for
efficient ionization (see sections 3.1.3, 3.2.2.1, and 7.1). Thus, efficient operation can
be achieved by controlling the electron current with the magnetic field and by
regulating the electron temperature. Electron temperature is primarily regulated
by inelastic collisions with the walls and neutrals.

The data at 5 mg/s suggests that electron collisions with the walls
and neutrals must both be at a sufficiently high rate if the electron
temperature is to remain low enough that the ionization efficiency does

not suffer and thermal diffusion does not dominate. The magnetic field is
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clearly important in controlling wall collisions; however, at 5 mg/s the data suggests
that the influence of the plasma lens on neutral collisions is second-order. At low
flow rates, it is thought that electron temperature is poorly regulated since the
plasma density is too low to sustain a neutral collision rate that can keep the
electron temperature within acceptable limits.3?” In short, current density and
magnetic field topography both have important roles in achieving efficient operation

at high-specific impulse.

9.4.2 Combined effects of magnetic field and current density
Figure 9-8 compares the total efficiency for the NASA-173M Hall thrusters at

anode flow rates of 5, 10, and 15 mg/s. The data shows that thruster efficiency can
be maximized by controlling both current density and magnetic field topography.

Current density was shown to affect efficiency in two ways. First, as is well-
known with Hall thrusters [2, 3], as the flow rate is increased at constant voltage,
the ionization rate will increase and improve the propellant utilization, and hence,
the overall efficiency. As shown in Figure 9-8, at constant voltage the efficiency of
both thrusters benefited from increased propellant utilization as the flow rate
increased. Second, current density also plays a critical role with the variation of
efficiency with voltage. This is shown in the data from the NASA-173Mv2, which
demonstrates that thruster efficiency monotonically increased at 10 mg/s, while at 5
mg/s a peak efficiency was observed.

However, current density was not the only factor responsible for eliminating
the efficiency peak. Magnetic field topography also played a crucial role. This was

shown by considering the variation of efficiency with voltage for both thrusters at 10

37 The opposite is thought to occur in anode layer thrusters. In an anode layer thruster, wall collisions are not present to
cool electrons, only inelastic collisions with neutrals can regulate the electron temperature (see section 3.2.2.1).
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mg/s. With the NASA-173Mv1 at 10 mg/s, efficiency still showed evidence of a
maximum at 500 V, and then at higher voltages, efficiency was relatively constant.
In contrast, the efficiency of the NASA-173Mv2 at 10 mg/s monotonically increased
with increasing voltage. Since the major difference between the thrusters
was the magnetic field topography, it was concluded that changes made to
the magnetic circuit of the NASA-173Mv2 were responsible for eliminating
the efficiency peak. That is, the NASA-173Mv2 achieved the intended goal of

optimizing the magnetic field topography for operation at high-specific impulse.
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Figure 9-8 Total efficiency versus discharge voltage of the NASA-173M Hall
thrusters at 5-15 mg/s.

These results have also shown that thruster efficiency can be optimized for
specific discharge voltages by changing the plasma lens design. At 10 mg/s, the
efficiency of the NASA-173Mv2 was higher than the NASA-173Mv1 for discharge
voltages greater than 500 V. At 5 and 15 mg/s, the NASA-173Mv1 efficiency showed

the same trend of being more efficient at low voltages (although data were limited at
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these flow rates). Thus, differences in the magnetic field topography of the
NASA-173M Hall thrusters have shown how thruster efficiency can be
optimized for a particular voltage and flow rate by changing the plasma
lens.

While these results have shown how current density and magnetic field work
in tandem to maintain thruster efficiency at high-specific impulse, it is important to
emphasize that there are practical limits to the current and power density that a
given thruster design can sustain (see section 8.4.1.2). Power density limitations are
determined by the thermal constraints of the thruster materials, the associated
decrease in lifetime, and the potential loss of thruster stability. With the NASA-
173M Hall thrusters, high-specific impulse operation at 10 mg/s has proven to be an
acceptable balance between performance, thermal margin, and stability (no
attempts have yet been made to assess lifetime). Accordingly, in part III the focus is

on characterizing the thruster properties at 10 mg/s.

9.5 Conclusions
The efforts to develop the NASA-173M Hall thrusters have shown how

current density and magnetic field topography are critical to achieving efficient
operation at high-specific impulse. An extensive effort to characterize the plume,
discharge current oscillations, magnetic field, and performance of the thrusters has
revealed how each thruster optimizes over a certain range of specific impulse that
depends primarily on the magnetic field topography. Since the NASA-173Mv2 has
demonstrated high-efficiency, high-specific impulse operation, this thruster was
chosen as the subject of the investigations described in part III, which begins with

the next chapter.
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Chapter 10

Experimental apparatus II

Through design and experiment, the development of the NASA-173M Hall
thrusters established that Hall thrusters can operate efficiently at high-specific
impulse if a minimum current density is maintained and the magnetic field
topography is properly shaped. This chapter begins part III, which concerns
experiments that continued to characterize the NASA-173Mv2 Hall thruster.

While the NASA-173Mv2 can be operated efficiently at high-specific impulse,
a need still exists to improve understanding of the relationship between the thruster
design and the plasma properties. This is necessary to further increase the
performance, thermal margin, stability, and lifetime of future thrusters designed for
near-Earth and interplanetary missions. To that end, a series of plasma diagnostics
were deployed to help improve the understanding of the competing mechanisms
affecting Hall thruster performance at high-specific impulse.

The purpose of this chapter is to describe the experimental apparatus that
were used during the extended plasma characterization of the NASA-173Mv2.
Several experiments were conducted in vacuum facilities at the University of
Michigan and NASA GRC. This chapter describes those facilities and the
diagnostics that were used. Experiment specific details, such as the thruster
operating conditions, are presented in subsequent chapters. Chapter 11 presents

results from the experiments conducted with the diagnostics described in this
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chapter. In Chapter 12, the results from the NASA-173Mv2 plasma characterization

are analyzed and discussed.

10.1 Overview of facilities and diagnostics

The experiments described in Chapter 11 were conducted in two vacuum
facilities using several diagnostics. Table 10-1 summarizes the diagnostics that

were used for those experiments.

Table 10-1 Diagnostics used during the extended plasma characterization of the
NASA-173Mv2.

Location Facility Section
Floating potential UM LVTF §11.1
probe
ExB probe GRC VF12 §11.2
Langmuir probe GRC VF12 §11.3
RPA GRC VF12 §11.4

10.2 Vacuum facilities
Vacuum facilities at the University of Michigan and NASA GRC were used

during the experiments discussed in Chapter 11. Since both vacuum facilities were
described in section 6.1, in the following sub-sections only those details specific to

the experiments in Chapter 11 are discussed.

10.2.1 Large Vacuum Test Facility at the University of
Michigan

Internal floating potential measurements of the NASA-173Mv2 were taken at
the University of Michigan in the Large Vacuum Test Facility (LVTF). A schematic

of the LVTF is shown in Figure 6-1. The LVTF is equipped with seven re-entrant
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cryopumps. For the floating potential measurements described in section 11.1, the
LVTF was operated with four cryopumps.

Chamber pressure was monitored using two hot-cathode ionization gauges
(see Figure 6-1). With four cryopumps operating, the base pressure was 2.5x107
Torr. After correcting the pressure measurements from both gauges with Eqn. 6-1
and then averaging, the background pressure in the LVTF with four cryopumps
operating was 1.3x105 Torr for a xenon flow rate of 11 mg/s.

For the floating potential measurements, the NASA-173Mv2 was mounted at
the “probe table” location shown in Figure 6-1. The thruster was positioned near the
centerline of the LVTF and was fired away from the cryopumps. At this position,
the cryopumps were approximately five meters away from the thruster and the
thruster plume was allowed to expand approximately four meters down the length of
the chamber.

The power electronics and propellant delivery systems were the same as
those described in section 6.2.1.1. Thruster telemetry were acquired using the data

acquisition system described in section 6.2.1.2.

10.2.2 Vacuum Facility 12 at NASA GRC

Experiments with an ExB probe, a Langmuir probe, and a RPA were
conducted with the NASA-173Mv2 in Vacuum Facility 12 (VF12) at NASA GRC. A
schematic of VF12 is shown in Figure 6-3. Photographs of the interior of VF12 are
shown in Figures 6-4 and 6-5.

A pair of hot-cathode ionization gauges measured the background pressure
(see Figure 6-3). The base pressure in VF12 was 1x107 Torr. Pressure

measurements were corrected for xenon using Eqn. 6-1. All of the experiments
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described in sections 11.2-11.4 were conducted at a xenon flow rate of 11 mg/s. At
this flow rate, the corrected pressures from ionization gauge #1 and #2 were 4.6x106
Torr and 1.1x10-5 Torr, respectively.

In Chapter 12, data from the performance characterization (§8.4.1) and the
probe measurements (§11.2-11.4) are used to derive other thruster properties such
as the ion and electron current. The data from these experiments were not taken on
the same days. However, the setup was nearly identical for all of the experiments.
The NASA-173Mv2 was always mounted on the thrust stand indicated in Figure 6-3
and the thrust stand pendulum was locked down during the probe measurements so
that the thruster position was fixed. In this position, the thruster was near the
chamber’s vertical centerline and fired 8.9 m down the length of the tank.

For the measurements in sections 11.2-11.4, the probes were added to the
setup used during the performance characterization by adding the probes two
meters downstream of the thruster exit plane on the thruster centerline. Every
effort was also made to ensure that the thruster was operated under identical
operating conditions (e.g., flow rate, discharge voltage, magnet current). The power
electronics and propellant delivery systems were the same as those described in
section 6.2.2.1. Thruster telemetry were acquired using the data acquisition system
described in section 6.2.2.2. The thruster was operated for four hours after initial
exposure to vacuum conditions to allow for outgassing of the chamber walls. Upon
subsequent thruster shutdowns and restarts or a change in the discharge voltage,
the thruster was operated for at least 30-60 minutes before data were acquired.
This procedure allowed enough time for the discharge current to reach a steady-
state value. In these ways, any differences in thruster operation between the data

sets were judged to have a negligible influence on the computations in Chapter 12.
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10.3 Diagnostics

10.3.1 Floating potential probe

Measurements of the plasma floating potential were taken inside the
discharge chamber and downstream of the exit plane of the NASA-173Mv2 (see
section 11.1). All data were collected using a planar probe in conjunction with a
high-speed translation stage in order to minimize probe-induced thruster

perturbations.

10.3.1.1 Design

A schematic of the planar probe that was used to measure floating potential
is shown in Figure 10-1. The probe consisted of a 1.54 mm diameter tungsten
electrode flush with one end of a 99.8%-pure alumina jacket. The outer diameter
and length of the alumina jacket were 3.24 and 75 mm, respectively. Based on
plasma measurements in Ref. [143], the Debye length was estimated to range from
0.04-0.08 mm over the measurement domain, which was much less than the
electrode diameter. Thus, the effective collection area was taken as the geometric
area. Similar probe designs have been used to study the plasma downstream of the

exit plane of the D-55 and SPT-100 [45, 208].

75

Tungsten

|
‘ 01.54
|

4

Stainless steel 99.8% Alumina

Length = 75 (not shown)

Figure 10-1 Schematic of the floating potential probe. Units are in millimeters.
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10.3.1.2 Theory of operation

If the goal is to examine relative changes to the plasma rapidly, the relative
simplicity of a floating potential probe has advantages over using failure-prone
emissive probes to measure the plasma potential. Esipchuk, Bishaev, Raitses and
Kim have used measurements of the floating potential to gain insight on the
acceleration process [118, 136, 244, 245]. It has been shown that transient
fluctuations of the floating potential were followed by the plasma potential and that
the stationary values of the two quantities follow very similar trends [118, 244].

In an unmagnetized, quiescent, Maxwellian plasma, the floating potential V;

1s related to the plasma potential V, by

e m

xe

V.=V, KT, %{1—11{2”’”@ H (10-1)

where 7. is the electron temperature, k is the Boltzmann constant, e is the
elementary charge, m. is the electron mass and mu. is the mass of xenon [246]. This
1s an important relationship because it is the plasma potential, or more specifically,
the electric field derived from it, that accelerates the ions in a Hall thruster. The
presence of magnetic fields, streaming ions and non-Maxwellian velocity
distributions inside the discharge chamber complicates the relationship between the
floating and plasma potential, such that Eqn. 10-1 is not strictly valid. However, the
error 1s on the order of the electron temperature (7. = 10-40 eV in a 300 V Hall
thruster [143]) so the floating potential profile is still a useful, albeit inexact,
representation of the plasma potential.

The accuracy of a floating potential measurement in the presence of magnetic

fields is determined by two important factors: the ratio of the electron or ion Larmor
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radius to the probe radius and the orientation of the probe with respect to the
magnetic field lines [246]. To achieve acceptable results, the probe radius should be
less than the electron Larmor radius and oriented such that the magnetic field lines
are nearly perpendicular to the collection electrode. This orientation allows particles
to flow freely to the probe.

As a basic operating principle of Hall thrusters (see section 3.1.2), the
magnetic field and channel dimensions are chosen so that only the electrons are
magnetized [2, 3]. The relationship between the ion and electron Larmor radii

therefore satisfies

R << L<<R,, (10-2)

where L is the length of the closed-drift region in the discharge chamber. Since the
electrons are magnetized while the ions are essentially unperturbed by the magnetic
field, the probe radius should be smaller than the electron Larmor radius. For these
experiments, the electron Larmor radius was estimated to range from 1-5 mm,
while the probe radius was 0.77 mm. While the accuracy of the measurement would
improve with a smaller probe, the error was deemed acceptable for the present
application.

The probe was oriented with the collection electrode parallel to the radial
direction. While the magnetic field lines on the centerline were essentially radial,
an axial magnetic field component was always present that canted the field lines.
This fact, combined with inaccuracies of aligning the probe, implied there was
always a flux of electrons that freely streamed to the probe. It was also likely that
anomalous diffusion of the electrons across magnetic field lines enhanced the flux of

electrons to the probe, even in regions of negligible axial magnetic field.
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With these considerations, the measurement uncertainty of the floating
potential was conservatively estimated as £10%. This estimate included the effects
of probe-induced thruster perturbations (see section 11.1.1). To make the
measurements, the electrode was isolated from ground and allowed to float. A 100X,
10 MQ voltage probe connected to a 500 MHz oscilloscope was used to measure the
floating potential with respect to ground. Combined with a simultaneous
measurement of the cathode potential with respect to ground Ve, the floating

potential of the probe with respect to the cathode was then computed.

10.3.1.3 Probe positioning system

Figure 10-2 shows the experimental setup used to measure the floating
potential inside the discharge chamber of the NASA-173Mv2. The probe
measurements were performed in the horizontal plane on thruster centerline. Three
translation stages were used to position the floating potential probe with respect to
the NASA-173Mv2. The thruster was mounted on a two-axis positioning system
that primarily provided radial positioning. (These stages are indicated as the “probe
table” in Figure 6-1.) Axial sweeps of the probe were done with the probe attached
to PEPL’s High-speed Axial Reciprocating Probe (HARP) positioning system. Figure
6-1 shows the approximate position of the HARP relative to the “probe table” where
the thruster was mounted.

A full description of the HARP’s capabilities can be found in Ref. [135, 142,
143, 247]. The HARP was used to move the probe rapidly in and out of the thruster
discharge chamber in order to minimize probe-induced thruster perturbations. The
total sweep time (in and out) averaged 300 ms over an axial length of 254 mm.

Thruster perturbations always began inside the cathode plane (see section 11.1.1).
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The sweep time in one direction from the cathode plane to 10 mm from the anode (58
mm total) ranged from 38-41 ms. Thus, the probe never spent more than 82 ms in

this region of the thruster.

/ Cryopump

Floating potential
probe

Figure 10-2 Photograph inside the LVTF showing the experimental setup used to
measure the floating potential inside the discharge chamber of the
NASA-173Mv2.

Figure 10-3 is a schematic of the NASA-173Mv2 showing the coordinate
system that was used and the positions where floating potential was measured.
Axial positions were referenced from the exit plane, with the anode at z = -38 mm
and the cathode plane at z = +30 mm. Radial positions were referenced from
thruster centerline, with the discharge chamber centerline at r = 73.7 mm and the
outer radius of the thruster body at r = 135 mm. Floating potential was measured
on discharge chamber centerline (r = 73.7 mm) along a line extending from z = -28.1 :

+61.9 mm.
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38.1

25.4 Z
R,Z) = (0,0)
R
* Axial line of sweeps for Vf probe
61.0

R=173.7
7 =-28.1:461.9

Figure 10-3 Schematic of the NASA-173Mv2 showing the axial line where floating
potential was measured. Units are in millimeters.

10.3.2 ExB probe (Wien filter)

An ExB probe is a plasma diagnostic that selectively filters charged particles
according to their velocities [27, 208, 209, 248-256]. Because multiply-charged ions

in Hall thrusters will have velocities proportional to the square root of their charge-
state Z, (see Eqn. 4-57), an ExB probe can discriminate between distinct ion

species. Examination of the relative height of the ion current peaks from the probe

can then be used to compute the ion species fractions.

10.3.2.1 Theory of operation

The classical dynamics of a beam of charged particles in electric and

magnetic fields are governed by the Lorentz force equation

F=eZ(E+ixB). (10-3)
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An ExB probe, also known as a Wien filter, selects particles with a particular
velocity by balancing the electric and magnetic fields such that there is no net force

acting on those particles

0=eZ(E +0xB). (10-4)

If the ExB probe is constructed with the electric and magnetic field perpendicular to

each other and the particle velocity

E =(0,E0)
B=(0,0,B), (10-5)
U = (v,0,0)
then Eqn. 10-4 becomes
E
=——. 10-6
v=-3 (10-6)

Eqgn. 10-6 shows that the particle velocity can be chosen by adjusting the electric and
magnetic fields. In practice, a constant magnetic field is usually applied with
permanent magnets. To establish the electric field, two parallel plates are usually
biased to a potential Vyobe and separated by a gap distance d such that the electric
field between them is given by

E-= —%. (10-7)

Thus, the velocity pass condition in an ExB probe is

|7
probe (10'8)

V=22
Bd

Particles that satisfy Eqn. 10-8 pass through the ExB field region and reach a

collection electrode where they are recorded as current. The resulting current-
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voltage characteristic is therefore related to the velocity distribution function. It is
important to note that an ExB probe is a velocity selector because the charge-state
and particle mass do not appear in Eqn. 10-6. Thus, an ExB probe will not detect
signatures due to charge-exchange collisions but will detect elastic collisions through
signal broadening.

In a Hall thruster, each ion species is accelerated electrostatically to a
velocity given by Eqn. 4-57. Substituting Eqn. 4-57 into Eqn. 10-8 and solving for
the plate voltage yields an expression in terms of the effective accelerating potential

of each ion species and charge-state (i.e., the ion energy, W= eZ;Va,)

Vones = %(Bd). (10-9)

probe,i
m

xe

The accelerating potential that each charge-state experiences in a Hall thruster

differs only by a few tens of volts (see section 4.4.3). Thus, the ion charge-states will
appear in an ExB current-voltage characteristic approximately at multiples of ,/Z,

above the singly-charged peak.

10.3.2.2 Design and experimental setup

Figure 10-4 is a photograph of the ExB probe used to measure the ion species
fractions of the NASA-173Mv2. The ExB probe was based on previous designs used
to study ion thrusters [256]. Kim’s ExB probe [27, 208], which was the first to be
used on a Hall thruster, was also based on these designs. Shown schematically in
Figure 10-5, the probe used with the NASA-173Mv2 consisted of three main
sections: the entrance collimator, ExB test section, and exit collimator. The

entrance collimator was 127 mm in length and had two circular orifices at either end
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that were 0.5 and 1.0 mm in diameter. In the 127 mm long test section, the
magnetic field was applied with permanent magnets that provided a magnetic field
strength at the test section center of 0.16 T. The electric field was established with a
pair of aluminum plates machined from channel stock. The bias plates were
separated by a distance of d=42.5 mm with legs used to minimize electric field
fringing that were d/4 in length [248, 254]. The exit collimator was 127 mm long
and had an exit orifice diameter of 3.2 mm. A 23 mm diameter tungsten collection
electrode was placed at the end of the exit collimator. Before installing the ExB
probe in VF12, the entrance and exit collimator orifices were aligned using a laser.
The acceptance angle of the probe was 0.7°. Probe resolution was conservatively

estimated as 7% of the ion energy [208].

i ]
Figure 10-4 Photograph of the ExB probe and cylindrical Langmuir probe in
VF12.

Figure 6-4 is a photograph of the experimental setup used with the ExB
probe during testing with the NASA-173Mv2 in VF12. The entrance orifice of the

ExB probe was placed two meters downstream of the thruster exit plane on thruster
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centerline, within an accuracy of £0.5 ¢cm in both the axial and radial directions.
Using a laser, the entrance and exit collimators were aligned perpendicular to the
thruster exit plane to an accuracy of +0.5°.

Ion beam

4 0.5
— [ entrance

orifice

Entrance
/ collimator
127

01.0
collimating
orifice

@ B=0.16 T

127 ExB test section
10.7— =
49.7 éé’/ M Path of deflected
’ ion, uzE/B
Yy
Bias plates 7
(side view) Probe
982 body
exit orifice
/ Exit collimator ~——
127 |,— Path of undeflected
/ ion, u=E/B
Tungsten

ion collector

Figure 10-5 Schematic of the ExB probe. Dimensions are in millimeters.
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Figure 10-6 shows the electrical schematic of the ExB probe. The plate bias
was applied with a commercially available power supply and was swept over a range
of voltages in two volt increments. For a given thruster operation condition, each
voltage sweep was repeated 3-5 times and then averaged together to reduce
measurement uncertainty. The supply outputs were biased with respect to ground
using a pair of 1 MQ resistors so that the potential at the mid-point of the plates was
held near facility ground. Current from the collection electrode was measured with
a picoammeter through 50 Ohm, shielded coaxial cable. The probe body was

grounded to the vacuum facility.

(R
&

Ion Collector

Vplate+|_ —l Vplate-

|_ J Bias plates

Figure 10-6 Electrical schematic of the ExB probe.

10.3.2.3 Data analysis

Since the goal of the experiments with the ExB probe was to obtain the ion
species fractions as a function of the discharge voltage, data analysis consisted of
interpreting the peak heights measured by the probe. The Xe* and Xe2t peaks were

easily identified for all operating conditions. Signal broadening due to elastic
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collisions and probe resolution limitations resulted in the Xe?" and Xe?* signals
overlapping at discharge voltages of 500-800 V. In those cases, the Xe3* ion current

was taken where the first derivative of the ion current crossed, or nearly crossed,

zero. The voltage where this occurred always closely corresponded to \/§Vp

robe,l *
Some discharge voltages showed evidence of Xe**, but the signal never represented a
significant fraction of the total signal. For example, if the Xe** signal at 900 V
(where Xe** was most evident, see Figure 11-7 in section 11.2) were included in the
species fractions calculations, then the Xe4* fraction would have been 0.001.
Because the signal was so small, Xe*" was not included in the calculations.

Using the peak heights to calculate the species fractions was equivalent to
approximating the ion energy distribution function as a monoenergetic beam. In a
Hall thruster, the beam has a distribution with a finite width of energies, since ions
are produced along the length of the discharge chamber at different accelerating
potentials. Kim [27, 208] accounted for these effects by including a model of the ion
energy distribution function and found reasonable agreement with other mass
analyzers [29, 203, 204, 207]. While modeling the distribution is a more rigorous
approach that should reduce uncertainty, it requires that probe-induced signal
broadening is much less than collisional broadening. The ExB probe used in these
experiments had an energy resolution of 7% (compared to 1% with Kim’s probe
[208]), which was too high to neglect probe broadening. As a result, it was concluded
that modeling the distribution would introduce more uncertainty to the calculations
than using the peak heights. While using the peak heights introduced additional
uncertainty, the computed species fractions were still comparable to mass analyzers

used with other Hall thrusters (see section 11.2). A conservative estimate of the
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uncertainty that included the effects of using the peaks heights is discussed in
section 10.3.2.4.

The ion current of each species from the probe traces was expressed as

1

probe,i

=eZn,(v)A(1+7,), (10-10)

where Ac was the current collection area of the ExB probe, y was the species-
dependent secondary electron emission yield of the tungsten collector (given in
electrons per ion), and n; was the number density of the % ion species. The
secondary electron emission yield was taken from data in Ref. [257] for xenon
bombardment on tungsten which showed that y was on average 0.018, 0.216, and
0.756 for Xe*, Xe2t, and Xe3*, respectively, over the range of ion energies in these
experiments.

From the ion current collected by the ExB probe, the probe current fractions

were computed as

I .
probei 72123, (10-11)

Qprobe,i = I
Z probe,i

where

>, =1. (10-12)

The ion species fractions were given by

g = T =123, (10-13)

where

¢ =1. (10-14)
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Equations 4-61, 10-10, and 10-13 were then substituted into Eqn. 10-11 to obtain an
expression relating the current fractions measured by the probe and the actual

species fractions given by

2%, 1+7,)
Z(Zi%é(lwi))’

probe,i —

(10-15)

where it was assumed that the collection area and effective acceleration potential of
each species were the same (see section 4.4.3). Solving the system of equations
defined by Eqns. 10-14 and 10-15 yielded the ion species fractions. Note that the
actual ion current fractions are different from the probe ion current fractions defined
in Eqn. 10-15 because of the effects of secondary electron emission on the collected
ion current. The actual ion current fractions can be computed from the species

fractions by applying Eqn. 4-47.

10.3.2.4 Measurement uncertainty

To estimate the measurement uncertainty, the sensitivity of each ion species
fraction was analyzed by considering: the uncertainty in the probe voltage and
current identified for each species, probe misalignment and resolution, the variation
in accelerating potential with ion species, whether the secondary electron emission
yield was included, the loss of ions through charge-exchange collisions over the two

meter path length,38 and the effects of using the peak heights to identify the species

3 It is important to note that the Xe" species fraction is actually a conservative estimate since the effect of charge-
exchange collisions in the plume is to remove Xe" at a higher rate than Xe** or Xe**. This is because the cross-sections
for charge-exchange collisions is greater for Xe" than Xe®" or Xe®* [258] and the fact that particles experiencing a
charge-exchange collision that results in two charged particles (e.g., Xe** + Xe*" — 2Xe?") are still collected by an
ExB probe according to their pre-collision state (since the ExB probe is a velocity filter). Also, note that an ExB probe
yields ion species fractions that are a closer indication of the species fractions at the exit plane than mass spectrometers
that filter ions based on energy [29, 203, 204, 207]. This is true as long as the tank pressure is low enough that the loss
of Xe" through charge-exchange is small. Such conditions were met in these experiments and accounted for in the
estimate of measurement uncertainty.
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current fractions. Based on this analysis, the absolute uncertainty in the species
fractions was estimated to be +0.04, +0.02, and +0.01 for Xe*, Xe?*, and Xe3*,
respectively. At 300 V, this equated to a percentage uncertainty of +4%, £50%, and

+100% for the species fractions of Xe*, Xe?*, and Xe?*, respectively.

10.3.3 Cylindrical Langmuir probe
Figure 10-4 is a photograph of the cylindrical Langmuir probe used to

measure the plasma potential V, with respect to facility ground of the NASA-
173Mv2. As shown in Figure 10-4, the Langmuir probe was mounted on the ExB
probe discussed in section 10.3.2. However, the plasma potential was actually
measured in order to correct data taken with the RPA discussed in section 10.3.4.

Shown schematically in Figure 10-7, the Langmuir probe consisted of a
tungsten electrode held by an alumina tube. To minimize edge effects, the length to
diameter ratio of the electrode was greater than ten. The length of the probe was
aligned parallel to the ion flow, with the mid-point located 200 + 1 cm downstream of
the thruster exit plane and 6.0 + 0.5 cm radially from thruster centerline. This
location meant that the Langmuir probe sampled the plasma at a slightly different
radial location than the RPA. Data from the P5 Hall thruster [203] (the P5 is
described in section 5.3.1), has shown that the plasma potential varies only by a few
volts over large angular positions from centerline. Based on the P5 data, the
uncertainty due to the Langmuir probe not having been in the same position as the
RPA was estimated to be less than one volt.

The magnetic field leaking from the permanent magnets in the ExB probe
was about 1-2 Gauss. This was sufficiently small that magnetic field effects could be

neglected in the analysis of the Langmuir probe characteristic.
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As shown by the sample probe trace in Figure 10-8, the plasma potential was
found from the maximum in the first derivative of the electron current. This method
was easily automated in the data analysis, but tended to underestimate the plasma
potential when compared to graphical analysis using curve fitting [259].
Comparisons between the different methods on a few test cases showed that the
derivative method was consistently lower than the graphical method by a value on
the order of a wvolt. Considering all the error sources described above, the

uncertainty in the plasma potential was estimated to be +2/-1 V.

| 16.5 N 16.5 |
| | 1.60
Y
.
6.35
Alumina Tungsten
Figure 10-7 Schematic of the cylindrical Langmuir probe. Units are in

millimeters.
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Figure 10-8 Sample Langmuir probe data illustrating the method wused to
compute the plasma potential.
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10.3.4 Retarding potential analyzer (RPA)

10.3.4.1 Theory of operation
A retarding potential analyzer (RPA) selectively filters ions by applying a

retarding potential across an inlet grid [204, 246, 260, 261]. The probe acts as a
high-pass filter by allowing only ions with voltages (i.e., energy-to-charge ratios, V;=
Wi/qi) greater than the grid voltage to pass and reach a collection electrode. The
derivative of the resulting current-voltage characteristic is proportional to the ion

voltage distribution function f(V)

dl,,, Ze’n A
e _ 2B py), 10-16
- f(V) (10-16)

probe xe

where Z; is the charge-state of the ion, e is the elementary charge, n; is the ion
density, A. is the probe collection area, and muz. is the mass of a xenon ion [204].

A RPA measures the ion energy distribution function only if the plasma is
composed of ions of the same mass and charge. This is not the case for xenon Hall
thrusters, which for 300 V discharges are composed of 4-11% Xe2* and 1% Xe3+ [203,
204]. Further, the Xe?* fraction of the NASA-173Mv2 was measured with the ExB
probe to vary from 3% at 300 V to 16% at 900 V (see section 11.2). When used with
Hall thrusters, a RPA therefore measures the ion voltage distribution function
unless a time-of-flight method, such as the one described in Ref. [260], is used to

discriminate the individual charge-state of the ions.

10.3.4.2 Design and experimental setup
The RPA was provided by Dr. James Haas of the Air Force Research

Laboratory, Edwards Air Force Base, CA. Shown schematically in Figure 10-9, the

three-grid RPA design was based on the multi-gridded energy analyzer in Ref. [246].
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Relevant dimensions are summarized in Table 10-2. The outer body of the RPA was
constructed of 316 stainless steel tubing and was grounded to the vacuum facility. A
phenolic sleeve placed inside the body provided electrical isolation of the grids. All
grids were made from 316 stainless steel, photochemically machined sheet with a
thickness of 0.1 mm. The grid openings were 0.3 mm diameter with a total open
area fraction of 38%. Grid spacing was achieved using glass-mica ceramic washers
and the 1on collector was a copper disk. Electrical connections were accomplished by
spot welding stainless steel wire to each grid. The wires were then routed along the
inner edge of the phenolic sleeve and out the rear of the body. The washers and
grids were fixed in place by a spring placed between the collector and a rear cover.
Grid 1 - Floating

Grid 2 - Electron Repelling
Grid 3 - Ton Retarding

Stainless Steel Body

[ERm \
V4

‘ Copper Collector
i / Phenolic Sleeve

T ]

Ceramic Insulator
Washers

Figure 10-9 Schematic of the RPA.

Figure 10-10 shows the RPA electrical schematic. During operation, grid 1

was electrically isolated from the probe to minimize perturbation between the probe
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and ambient plasma. Grid 2 was biased -30 V below ground to repel incident
electrons. An electric potential ranging from 0-1100 V relative to ground was
applied to grid 3 using a high-voltage power supply. The ion current to the collector

was measured using a picoammeter.

Table 10-2 Dimensions of the RPA washers.

Thickness | Inner Diameter
Washer (mm) (mm)
1 1.0 18.6
2 3.4 21.6
3 1.7 21.7
4 6.5 21.4
5 6.5 21.5

Grid 1 - Floating
Grid 2 - Electron Repelling

Grid 3 - Ion Retarding

/ - Copper Collector

Picoammeter

+

30V 0-1100V

+ -

Figure 10-10 Electrical schematic of the RPA.

Figure 10-11 is a photograph of the experimental setup used with the RPA
during testing with the NASA-173Mv2 in VF12. A movable shutter was used to

protect the RPA grids when the probe was not being used. The thruster is not
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shown in Figure 10-11. However, the RPA was placed in the same location relative
to the thruster as the ExB probe shown in Figure 6-4. Specifically, the center of grid
1 was placed two meters downstream of the thruster exit plane on thruster
centerline, within an accuracy of 0.5 cm in both the axial and radial directions.
The face of grid 1 was aligned parallel to the thruster exit plane to an accuracy of

+0.5°

Alignment
Laser

[ i
{ f
Movable §
W Shutter

M | 5 %4
Figure 10-11 Photograph of the RPA in VF12. A movable shutter was used to
protect the RPA grids when the probe was not being used. Before
testing, a laser was used to align the RPA with respect to the NASA-
173Mv2.

10.3.4.3 Data analysis
The RPA measured the ion voltage with respect to facility ground. As shown

in the potential diagram of Figure 10-12, the true ion voltage Vi was obtained by

subtracting the plasma potential from the measured value V;pa
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V=V _.-V_. (10-17)

true rpa D

To characterize the voltage utilization efficiency (see section 4.4.3) given by

Va
v,

n, = y (10-18)

(where V. is the ion voltage averaged over all ion species and Vi is the discharge
voltage) the most-probable ion voltage Vip and the loss voltage Viess were found from
the ion voltage distribution. As shown in Figure 10-13, the most-probable ion
voltage was defined as the voltage where the ion current was greatest. The loss
voltage was then computed as the difference between the discharge voltage and the

most-probable voltage

V=V, —Vmp. (10-19)
/ — Anode \ 3\
Vrue
v < > Vrpa > ’
d

—— Plasma

Xp {— Ground J Vioss
N B Cathode

Figure 10-12 Potential diagram showing the relationship between the measured
quantities (Vipa, Vo, Veg, Va), the true ion voltage (Virue), and the loss
voltage (Vloss).

The most-probable ion voltage and the loss voltage can be used to
approximate the voltage utilization efficiency since the average acceleration voltage
and the most-probable voltage are nearly equal. In which case, the voltage

utilization efficiency is given by
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1 Ve (10-20)

Egn. 10-20 is an approximation because the average acceleration voltage and the
most-probable voltage will differ by a few volts due to the effects of multiply-charged
ions and collisions. Similarly, the loss voltage from the RPA (Viss) will also differ by
a few volts from the average loss voltage Vi used in the performance model (see

sections 4.3.3 and 4.4.3).

The spread in ion velocities (or energy) is given by the dispersion efficiency3?

<Ui>2
Ma = <Uz> ’ (10-21)
where <vi> is the average ion velocity [2]. The dispersion efficiency was

characterized by the full width at half-maximum (FWHM) of the ion voltage
distribution. As shown in Figure 10-13, the FWHM was defined as the difference in
volts above and below the most-probable voltage where the ion current fell to one-
half its maximum value. Measurement uncertainty from probe-induced signal
broadening (see section 10.3.4.4) did not allow the ion voltage distributions to be
used in calculating the dispersion efficiency. However, the FWHM was still useful

in observing the relative variation of the dispersion efficiency with operating point.

3 Note that the dispersion efficiency does not explicitly appear in the anode efficiency derived in Eqn. 4-67. This is
because the dispersion of ion velocities is already accounted for in the acceleration efficiency. (Kim incorrectly
includes the dispersion efficiency in his expression for anode efficiency in Ref. [2]). As defined here, the dispersion
efficiency is simply a useful means to study the details of the ionization and acceleration processes.
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Figure 10-13 Sample ion voltage distribution demonstrating how the most-
probable ion voltage (Vmp) and the FWHM were defined.

10.3.4.4 Measurement uncertainty

The RPA was compared to a 45° parallel-plate electrostatic energy analyzer
(ESA) in Ref.[261]. In those experiments, both instruments collected plume data 0.5
m downstream of a Busek BHT-200-X3 Hall thruster operated at a discharge voltage
of 250 V. Figure 10-14 shows the ion voltage distributions measured with respect to
facility ground by the RPA and the ESA on thruster centerline. Comparisons of the
most-probable voltage and FWHM from the different instruments are used here to

assess their relative accuracy.

As Figure 10-14 shows, the most-probable ion voltage measured by the two
instruments was in good agreement. The RPA measured a most-probable voltage of
220 V and the ESA was 3.6% higher, or 228 V. In contrast, the FWHM from the two
instruments showed significant differences. The FWHM measured by the RPA was
45 V and the ESA was 42% lower, or 26 V. The differences can be attributed to
instrument broadening in the RPA and, to a lesser extent, the effects of numerical

differentiation and spline curve fitting (see section 11.4). Instrument broadening in
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the RPA could have been due to pressure build-up inside the probe and/or the large
acceptance half-angle of the probe (45° in the RPA versus 4° in the ESA). Regardless
of the exact cause, the FWHM of the RPA was considered an upper bound of the true
FWHM. Considering the results in Ref. [261] and the experiments reported here,

the uncertainties of the most-probable voltage and the FWHM were estimated as

+10 V and +0/-20 V, respectively.

7 L 1.0x10°
25x10™ — !
; —_ ESAO
/ ----RPAO - 08
= 20 — Py
2
< >
@® o
53 15 — S
) <
& - 3
cu/_l) 10 3
5 —1
O |

0 100 200 300 400 500 600
Energy/Charge (V)

Figure 10-14 Ion voltage distributions measured with the RPA and a parallel-plate
energy analyzer (ESA) on the centerline of the Busek BHT-200-X3
Hall thruster, 0.5 m downstream of the exit plane [261].

10.4 Summary

This chapter has described the vacuum facilities, support equipment, and
plasma diagnostics used during experiments that continued to characterize the
plasma properties of the NASA-173Mv2. The next chapter presents the results from

those experiments. In Chapter 12, the results are analyzed and discussed.
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Chapter 11

Characterization of the NASA-173Mv2

This chapter describes results from a series of plasma diagnostics used with
the NASA-173Mv2 in order to improve understanding of the physical processes
affecting Hall thruster performance at high-specific impulse. Section 11.1 reports on
measurements of the plasma floating potential that were taken inside the discharge
chamber, while sections 11.2-11.4 describe far-field measurements of the ion species
fractions, plasma potential, and ion voltage distribution, respectively. Chapter 12
discusses the results from each of these experiments.

All experiments described in this chapter were conducted at an anode mass
flow rate of 10 mg/s and a cathode mass flow rate of 1.0 mg/s. During the
development phase of the NASA-173Mv2, these flow rates had proven to be an
acceptable balance between performance, thermal margin, and stability up to
voltages of 1000 V. At these flow rates, the total specific impulse and total efficiency
of the NASA-173Mv2 range from 1600-3400 seconds and 51-61%, respectively, over
voltages of 300-1000 V (see section 8.4.1).

The effects of changing the magnetic field topography on thruster operation
were investigated by energizing the thruster coils in different combinations. The

coil combinations are labeled in the figures as:
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1. IC, OC — only the inner and outer coils were energized,

2. ITC — the internal trim coil was energized in addition to the inner and

outer coils,

3. ITC, ETC — both trim coils were energized in addition to the inner and

outer coils, and

4. ETC - the external trim coil was energized in addition to the inner

and outer coils.

With the exception of the ETC points, the coil currents were taken directly
from the performance characterization in section 8.4.1 that showed these settings
maximized thruster efficiency. That characterization usually did not include data
with the external trim coil unless the internal trim coil was also energized. The
experiments described in sections 11.2-11.4 include data with the external trim coil
(i.e., coil combination #4 above). This additional coil combination was included so
that the effects of the external trim coil could be investigated separate from the
internal trim coil.

Table 11-1 summarizes the thruster operating conditions that were evaluated
with the various plasma diagnostics. Thruster telemetry and data from the
experiments in this chapter are tabulated in Appendix D.

Before each experiment, the thruster was operated for four hours after initial
exposure to vacuum conditions to allow for outgassing of the chamber walls. Upon
subsequent thruster shutdowns and restarts or a change in the discharge voltage,
the thruster was operated for at least 30-60 minutes before data were acquired.
This procedure allowed enough time for the discharge current to reach a steady-

state value.
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Table 11-1 Thruster operating conditions during the extended plasma
characterization of the NASA-173Mv2. Coil combinations are from
the numbered list shown in the main text of section 11.1.

Anode Cathode Coil )
vdm» (mg/s) (mgls) | combinations | Section

Floati

0atmng | 444 600 10.0 1.0 1-3 §11.1
potential
ExB probe 300-900 10.0 1.0 1-4 §11.2
Langmuir | 4,5 ;0 10.0 1.0 1-4 §11.3

probe

RPA 300-800 10.0 1.0 1-4 §11.4

11.1 Discharge chamber floating potential

This section describes floating potential measurements that were taken over
axial sweeps on discharge chamber centerline of the NASA-173Mv2. The
experiments were conducted in the LVTF at the University of Michigan, described in
section 10.2.1. The floating potential probe and the experimental setup were
described in section 10.3.1.

Results from floating potential measurements on discharge chamber
centerline (r = 73.7 mm) are presented in Figures 11-1 and 11-2. Only data from
probe sweeps into the thruster are shown. Axial positions were referenced from the
exit plane, with the anode at z = -38 mm and the cathode plane at z = +30 mm. The
thruster was operated at an anode mass flow rate of 10 mg/s, a cathode mass flow
rate of 1.0 mg/s, and the discharge voltage was either 300 V or 600 V. Changes to
the magnetic field were investigated by using different combinations of the trim coils
(see Table 11-1). Thruster telemetry during data collection are tabulated as Table

D-1 in Appendix D.
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Figure 11-1 Floating potential versus axial position of the NASA-173Mv2 at 300 V,
10 mg/s and different coil combinations.
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Figure 11-2 Floating potential versus axial position of the NASA-173Mv2 at 600 V,
10 mg/s and different coil combinations.
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11.1.1 Probe-induced thruster perturbations

As shown in Figures 11-3 and 11-4, inserting the floating potential probe into
the discharge chamber was found to affect thruster operation by increasing the
discharge current and the cathode potential. At both 300 and 600 V, the discharge
current and cathode potential began to increase when the probe reached z = +15
mm. Upon removal of the probe (not shown), the discharge current and cathode
potential returned to their initial steady-state values. At 300 V, the current
increased by 45% and at 600 V by 38%.

The percentage change in the discharge current was much greater than
expected, based on prior experiments that also used the HARP with the P5 Hall
thruster (the P5 was described in section 5.3.1) [135, 142, 143, 247]. In Ref. [143],
discharge current perturbations were less than 10% when operating at 10 A, 300 V.
The experiments with the P5 and NASA-173Mv2 were similar in three important
aspects: first, the thrusters shared discharge chamber geometry. Second, in Ref.
[143] a double probe that was 3.2 mm long by 1.6 mm wide was used, which was just
slightly smaller than the 3.4 mm diameter floating probe used with the NASA-
173Mv2. Third, the probes in Ref. [143] moved more slowly than the floating probe
used here. The faster the probe moved, the less susceptible the probe body was to
ablation, which is known to affect thruster operation [247].

As discussed in sections 7.2 and 8.2, the major difference between the P5 and
the NASA-173Mv2 is the magnetic field topography. It was hypothesized that the
magnetic field in the NASA-173Mv2 improved plasma confinement compared to the
P5. This would have raised the plasma density in the discharge chamber and made
the NASA-173Mv2 more susceptible to disturbances caused by probes. The

hypothesis that the plasma density was higher in the NASA-173Mv2 than in the P5
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was supported by the improved efficiency and plume characteristics of the NASA-

173Mv2 compared to the P5 (see Tables A-1, and C-1 to C-3).

Since the NASA-

173Mv2 probe was slightly larger than the probe used on the P5, a smaller probe

should reduce the magnitude of disturbances.

probes will test this hypothesis.
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Figure 11-3 Floating potential, discharge current, and cathode potential versus
axial position of the NASA-173Mv2 at 300 V, 10 mg/s with both trim
coils energized.
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The disturbances to thruster operation increased the uncertainty of the
floating potential measurements, which was estimated to be +10%. This included

the uncertainty associated with the probe design (see section 10.3.1).

11.2 Far-field ion species fractions

This section describes measurements of the far-field ion species fractions of
the NASA-173Mv2 Hall thruster. The experiments were conducted in Vacuum
Facility 12 (VF12) at NASA GRC (see section 10.2.2). The ExB probe used to
measure ion species fractions was described in section 10.3.2.

Measurements of the species fractions are important because multiply-
charged ions affect thruster performance and the lifetime of the thruster and
sensitive spacecraft surfaces (e.g., solar arrays and optics). At constant beam
current, the presence of multiply-charged ions decreases thruster performance (see
section 4.5.2). At high discharge voltages, the importance of multiply-charged ions
on Hall thruster performance and lifetime i1s relatively unknown because
measurements have thus far been limited to 300-500 V in xenon Hall thrusters [27,
29, 203, 204, 207, 208].

ExB probe measurements were taken with the thruster operating at an
anode flow rate of 10.0 mg/s and a cathode flow rate of 1.0 mg/s. The discharge
voltage was varied from 300-900 V. The ExB probe was two meters downstream of
the thruster exit plane on the thruster centerline. At each discharge voltage, the
effects of the magnetic field were evaluated by using several combinations of the
coils (see Table 11-1). Thruster telemetry from the test series are tabulated as Table

D-2 in Appendix D.
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Figures 11-5 through 11-7 are representative ExB probe traces at 300, 600,
and 900 V, respectively, when the inner and outer coils were energized. Each figure
1s the average of three to five voltage sweeps of the ExB probe. In general, the probe

traces yielded distinct and repeatable spectra for the Xet, Xe2*, and Xe3* peaks. The

Xe?" and Xe3* peaks closely corresponded to the expected /Z, dependence.
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Figure 11-5 ExB probe ion current versus probe voltage of the NASA-173Mv2 at
300V, 10 mg/s.
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Figure 11-6 ExB probe ion current versus probe voltage of the NASA-173Mv2 at
600 V, 10 mg/s.
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Figure 11-7 ExB probe ion current versus probe voltage of the NASA-173Mv2 at
900 V, 10 mg/s.

The widths of the probe spectra for each species show a clear broadening with
discharge voltage. This result correlated with measurements of the ion voltage
distribution that showed the same trend (see section 11.4). The implications of these
results are discussed further in section 12.4.

The variation of the ion species fractions with discharge voltage and magnetic
field configuration is shown in Figure 11-8 and tabulated in Appendix D as Table
D-3. While the results indicated a general increase in the fraction of multiply-
charged ions with increasing discharge voltage, Xe* still dominated the plasma at all
discharge voltages. There was no systematic dependence of the species fractions
with the magnetic field configuration. Measurement uncertainty, caused by the 7%

energy resolution of the ExB probe, likely contributed to this result.
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Figure 11-8 Ion species fractions versus discharge voltage of the NASA-173Mv2 at
10 mg/s and different coil combinations.

11.3 Far-field plasma potential

This section describes measurements of the far-field plasma potential of the
NASA-173Mv2 Hall thruster. The experiments were conducted in Vacuum Facility
12 (VF12) at NASA GRC (see section 10.2.2). The cylindrical Langmuir probe used
to measure plasma potential was described in section 10.3.3. The plasma potential
was needed so that the true ion voltage distribution, measured with the RPA in
section 11.4, could be calculated (see section 10.3.4.3).

Langmuir probe measurements were taken with the thruster operating at an
anode flow rate of 10.0 mg/s and a cathode flow rate of 1.0 mg/s. The discharge

voltage was varied from 300-1000 V. The Langmuir probe was two meters
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downstream of the thruster exit plane and six centimeters radially away from
thruster centerline (see section 10.3.3). At each discharge voltage, the effects of the
magnetic field were evaluated by using several combinations of the coils (see Table
11-1). Thruster telemetry from the test series are tabulated as Table D-4 in
Appendix D.

Figure 11-9 plots the plasma potential with respect to facility ground versus
the discharge voltage and magnetic field. Regardless of the magnetic field, the
plasma potential increased 3-4 V as the discharge voltage increased from 300-1000
V. At a given discharge voltage, changing the magnetic field with the external trim
coil decreased the plasma potential by 1-2 V while the internal trim coil had no

apparent effect.
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Figure 11-9 Plasma potential versus discharge voltage of the NASA-173Mv2 at 10
mg/s and different coil combinations.
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11.4 Far-field ion voltage distribution

This section describes measurements of the far-field ion voltage distribution
of the NASA-173Mv2 Hall thruster. The experiments were conducted in Vacuum
Facility 12 (VF12) at NASA GRC (see section 10.2.2). A retarding potential analyzer
(RPA), described in section 10.3.4, was used to measure the ion voltage distributions.
A cylindrical Langmuir probe was also used to obtain the plasma potential so that
the true ion voltage distribution could be calculated (see section 11.3).

The ion voltage distribution is of interest because it is used by spacecraft
designers to calculate plume impingement on sensitive surfaces (e.g., solar arrays
and optics), as well as by thruster designers to quantify how changes to the
operating point or thruster hardware affect lifetime and performance. The goal of
these experiments was to gain insight on how the ionization and acceleration
processes internal to the thruster were affected by changes of the magnetic field and
discharge voltage.

RPA measurements were taken with the NASA-173Mv2 operating at an
anode flow rate of 10.0 mg/s and a cathode flow rate of 1.0 mg/s. The discharge
voltage was varied from 300-800 V. A grid short with the RPA ended testing at 800
V after testing only with the inner and outer coils (IC,0C). The RPA was located
two meters downstream of the thruster exit plane on the thruster centerline. At
each discharge voltage, the effects of the magnetic field were evaluated by using
several combinations of the coils (see Table 11-1). Thruster telemetry from the test
series are tabulated as Table D-6 in Appendix D.

At each discharge voltage and magnetic field configuration, three sweeps of
the ion retarding voltage were performed with the RPA. The resulting I-V curves

were found to be very repeatable. Figure 11-10 shows the raw data from voltage
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sweeps when the inner and outer coils were energized (IC, OC). Except for 800 V
(where a grid short occurred after one sweep), each curve in Figure 11-10 consists of

the data from three separate sweeps.
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Figure 11-10 Ion current versus retarding voltage from the RPA of the NASA-
173Mv2 at 10 mg/s for discharge voltages of 300-800 V. To
demonstrate repeatability, data from multiple sweeps are overlaid at
each discharge voltage, except 800 V where only one sweep was
obtained.

For a given voltage and magnetic field, each sweep of the RPA was averaged
together, curve-fit using a smoothing spline algorithm [262], and then numerically
differentiated. The spline was used to reduce noise caused by the differentiation.
Lastly, the plasma potential obtained from the Langmuir probe measurements in
section 11.3 was subtracted from the retarding voltage to yield the true ion voltage
distribution. In Figure 11-11, the effects of the spline are compared to the raw data
for discharge voltages of 300 and 700 V (IC, OC). The spline operation induced
enough smoothing that detailed features (e.g., charge-exchange collision signatures)
were not resolved. However, the most-probable ion voltage and the FWHM were

relatively insensitive to the smoothing parameters. The uncertainties in the most-
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probable ion voltage and the FWHM from the spline operation were estimated as
+0.5% and £1% of the discharge voltage, respectively. The uncertainty estimates
were based on numerical experiments that examined how the two quantities
depended on the smoothing parameters. The uncertainty from the spline operation

was included in the overall uncertainty estimates discussed in section 10.3.4.4.
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Figure 11-11 Representative ion voltage distributions showing the raw data and
the spline fit to the data for discharge voltages of 300 and 700 V.

Figure 11-12 shows the ion voltage distribution (normalized to the peak ion
current) at each thruster operating point. The coil configurations are not delineated

in the figure because the differences were indistinguishable at the chosen scale.
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Figure 11-12 Normalized ion voltage distributions versus discharge voltage.
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From each of the distributions in Figure 11-12, the most-probable voltage, the
loss voltage, and the FWHM were calculated. Figure 11-13 shows the loss voltage
and Figure 11-14 shows the FWHM versus discharge voltage and magnetic field.
The loss voltage and FWHM data are tabulated in Appendix D as Tables D-7 and
D-8, respectively.

There was no systematic dependence of the loss voltage with the magnetic
field. The loss voltage decreased with discharge voltage from 35 V at 300 V to 25 V
at 800 V, which translated into an increase in the voltage utilization efficiency from
89% at 300 V to 97% at 800 V. The FWHM increased with discharge voltage by over
a factor of three from 33 V at 300 V to 105 V at 800 V (i.e., the dispersion efficiency
decreased). The increase in the FWHM correlated with measurements using the
ExB probe (see section 11.2) that showed the same trend. Changes in the magnetic

field due to the external trim coil decreased the FWHM by 3-4 V on average.
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Figure 11-13 Loss voltage versus discharge voltage of the NASA-173Mv2 at 10 mg/s
and different coil combination.
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Internal floating potential and far-field measurements of the ion species

fractions, plasma potential, and ion voltage distribution were taken to investigate

the plasma state of the high-efficiency, high-specific impulse NASA-173Mv2 Hall

thruster. Chapter 12 discusses the results from each of these experiments.
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Chapter 12

Discussion II — Plasma properties of the

NASA-173Mv2

This chapter discusses results from the extended plasma characterization of
the NASA-173Mv2 described in Chapter 11. Section 12.1 discusses the internal
floating potential measurements while sections 12.2-12.4 discuss the far-field ion
species fractions, plasma potential, and ion voltage distributions, respectively. In
section 12.5, the performance model derived in Chapter 4 is combined with the

experimental data to compute the utilization efficiencies of the NASA-173Mv2.

12.1 Discharge chamber floating potential

12.1.1 Effects of the magnetic field
Figures 11-1 and 11-2 show how changes to the magnetic field affected the

floating potential at 300 and 600 V, respectively. At both voltages, changing the
magnetic field with the external trim coil increased the floating potential by 10-15V
at distances greater than z = +10 mm. During the performance characterization at
NASA GRC (see section 8.4.1), the external trim coil generally increased the cathode
potential4® (i.e., decreased the magnitude with respect to ground) and increased the
plume divergence. This indicated that changes to the external magnetic field were

primarily affecting the electron coupling with the discharge, rather than improving

"' In the PEPL experiments, the cathode potential was more negative when the external trim coil was used (see Tables
C-2 and D-1). This was attributed to differences in the vacuum facilities at PEPL and NASA GRC.
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ion focusing. The floating potential data taken at the University of Michigan
supported this conclusion by demonstrating that the floating potential downstream
of the exit plane increased when the external trim coil was energized, which would
presumably improve the coupling of the electrons with the discharge chamber
plasma.

The effect of the internal trim coil on the potential distribution was less
apparent than the external trim coil, mostly likely because of the way the internal
trim coil changes the magnetic field. The internal trim coil primarily alters the axial
gradient of the radial magnetic field, which changes the radius of curvature of the
field lines (see section 5.1.4). Thus, the effects of the internal trim coil would be
more noticeable by comparing the potential distribution radially across the
discharge chamber. In addition, the internal trim coil reduces the fall potential at
the anode by zeroing the magnetic field (see sections 5.1.4 and 7.5.2.5). Neither of
these effects can be resolved by the data shown in Figures 11-1 and 11-2.

For the 600 V data shown in Figure 11-2, there was a local maximum in the
potential distributions that occurred at z = +6 mm. The trim coils decreased the
prominence of this feature. Figure 11-2 also shows disturbances to the discharge
current at this same location. Similar results were reported on the P5 Hall thruster
with both emissive and floating probes, but a complete explanation for the effect was
not determined [142]. Non-perturbing laser diagnostics are ideally suited to
diagnose whether or not these features are an artifact of the probe disturbing

thruster operation.
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12.1.2 Effects of the discharge voltage
Figure 12-1 compares operation at 300 and 600 V when both the internal and

external trim coils were energized. The negative first derivative of the floating
potential -dVy/dz was computed by numerical differentiation, under the assumption
that this quantity was proportional to the axial electric field E: (see section 10.3.1.2).
As shown in Figure 12-1, the magnitude of -dV;/dz at 600 V was roughly twice the
value at 300 V. Since to first order the axial electric field scales as E. oc Va/La,
where Vi is the discharge voltage and L. is the thickness of the accelerating layer,
these results suggested that the accelerating layer thickness was weakly
dependent on voltage. This was expected because, at both operating conditions,
the position of the anode and cathode were unchanged and the axial gradient of the
magnetic field was approximately the same. Recent internal measurements using
an emissive probe by Raitses, et al. [154] with a 2 kW Hall thruster have also found
that the accelerating layer thickness was nearly constant with increased voltage.
After analyzing all the data shown in Figures 11-1 and 11-2, the results
indicated that the acceleration layer thickness was 1442 mm, which closely
agreed with experimental and theoretical values [2, 98]. There was no strong
dependence of the acceleration layer thickness with voltage or magnetic field, but
this result may have been obscured by measurement uncertainty. The accelerating
layer thickness was defined as the distance separating the points on either side of
the maximum value of -dV;/dz that equaled 10% of the peak, excluding the regions
at 600 V where the electric field was negative. Alternatively, if the acceleration
layer thickness was defined by the distance separating the points where the electric
field initially increased above zero and where it returned back to zero (again

excluding the negative regions at 600 V), then the layer thickness was about 40 mm.
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Thus, while the bulk of the acceleration occurred over a short distance of 14 mm, the
ions reached their maximum velocity over a length of 40 mm. In addition, it was
observed that the floating potential reached a minimum at the cathode plane (z =
+30 mm). In the P5 Hall thruster, the cathode plane was at z = +50 mm and this
was where the plasma potential reached a minimum [143]. This implies that the
acceleration layer thickness can be partially controlled by cathode placement, which

has implications on controlling divergence, decreasing erosion and improving

efficiency.
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Figure 12-1 Floating potential and its negative first derivative (-dV¢dz) versus
axial position of the NASA-173Mv2 at 300 and 600 V with both trim
coils energized.

As shown in Figure 12-1, the acceleration layer shifted closer to the
anode at 600 V, by an average of 3t1 mm when all data were considered. This

result was supported by visual observations of the plasma shifting closer to the
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anode as the voltage increased (see section 8.4.1.1). A shift in the acceleration layer
position affects thruster lifetime because shifts towards the anode increase the
likelihood of radial electric fields accelerating ions into the wall. Since efficiency
increased between 300 and 600 V (see Figure 8-7), it may be that such effects are
offset by improved focusing efficiency at higher voltages so that erosion rates are not
significantly changed. This could partially explain why the 500 V T-220 had nearly
the same volumetric erosion rates as the 300 V SPT-100 [173].

In section 12.4.2, the results from the floating potential measurements are
used to interpret the trends observed in the voltage and dispersion efficiency that

were measured by the RPA.

12.2 Far-field ion species fractions

12.2.1 Effects of the magnetic field

Changes in the magnetic field resulted in marginal changes to the ion species
fractions shown in Figure 11-8. This was likely the result of the probe resolution,
which was 7%. Experiments with a higher resolution ExB probe (similar to the 1%
resolution of Kim’s probe [27, 208]) are needed to better resolve the effects of the

magnetic field.

12.2.2 Effects of the discharge voltage

While the ion species fractions shown in Figure 11-8 indicated a general
increase in the fraction of multiply-charged ions with increasing discharge voltage,
Xet still dominated the plasma at all discharge voltages. Over the range of
300-900 V, the species fraction of Xet decreased from 0.96 to 0.81. Over the same
voltage range, the Xe?" species fraction increased from 0.03 to 0.16 and the Xe?*

species fraction increased from 0.01 to 0.03. At 300 V, the fractions of Xe2* and Xe3*
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were lower, but still consistent with, previous Hall thruster studies using other mass
analyzers [27, 29, 203, 204, 207, 208]. These past studies have shown the plume to
be composed of 0.06-0.11 Xe2* and 0.01 Xe3*.

The effects of the measured ion species fractions on thruster efficiency are

discussed further in section 12.5.

12.3 Far-field plasma potential

12.3.1 Effects of the magnetic field

A remarkable feature of Figure 11-9 is the 1-2 V decrease in plasma potential
caused by changing the magnetic field with the external trim coil.#%42 The decrease
in plasma potential might at first seem unlikely because of the relatively large
distance involved (~12 thruster diameters) and the small change in the magnetic
field caused by the external trim coil (5-10% of the peak field at the exit plane).
However, the trends are consistent with numerical modeling by Keidar and Boyd
[205], which showed that a decreasing magnetic field would decrease the plasma
potential in the thruster plume, albeit at smaller rates (about 0.03 V/G compared to
0.1-0.2 V/G from the results presented here). The ability to influence the plasma
potential with external magnetics could be used to control the plasma near the
thruster (especially charge-exchange ions). This has important implications
regarding spacecraft integration and thruster lifetime. Additional experiments are
planned to investigate magnetic field effects on the plasma potential distribution in

the thruster plume.

41 At 400 V, the decrease in plasma potential was smaller than the other discharge voltages most likely because the
external trim coil current was less (-2 A at 400 V versus -4 to -6 A at all other voltages).
“2 Plotting the plasma potential with respect to the cathode shows the same trends.
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12.3.2 Effects of the discharge voltage
Figure 11-9 shows that the plasma potential ranged from 8.2-13.5 V as the

discharge voltage increased from 300-1000 V. While still small compared to the
discharge voltage, the plasma potential was a significant fraction of the loss voltage
(24-34 V) measured with the RPA (see section 11.4). These findings highlight the
importance of knowing the true ion voltage to reduce uncertainty in the loss voltage,

i.e., the voltage utilization efficiency.

12.4 Far-field ion voltage distribution

12.4.1 Effects of the magnetic field

Changes in the magnetic field resulted in marginal changes to the ion voltage
distribution. Of all the coil combinations that were used, only the external trim coil
consistently changed the distributions by decreasing the FWHM. It is likely that the
magnetic field dependence of the 1ion voltage distribution was obscured by
measurement uncertainty. Experiments with a high-resolution electrostatic energy
analyzer such as those described in Ref. [28, 204, 261], are needed to better resolve

the effects of the magnetic field.

12.4.2 Effects of the discharge voltage

Figure 12-2 illustrates the relative positions of the ionization and
acceleration zones in a Hall thruster discharge chamber. The voltage and dispersion
efficiencies (v and 74, see section 10.3.4.3) are primarily affected by changes to the
centroid position (z; and z.) or the length (L; and L.) of the ionization (i) and
acceleration (a) zones. As shown in the figure, the two zones overlap such that 7
and 7« are always less than unity. If L. and z. are unchanged, efficiency

improvements are possible if L; decreases and z; is positioned further upstream of
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the acceleration zone. However, due to the competing effects of wall losses,
maximum thruster efficiency does not correspond to the complete separation of the
two zones. This is because moving the ionization zone away from the acceleration
zone can increase the rate at which ions are lost to the walls. Thus, the optimum
configuration in a Hall thruster would seem to be highly peaked ionization and
acceleration zones with the ionization zone located as close to the beginning of the

acceleration zone as possible.

Figure 12-2 Schematic illustrating the relative positions of the ionization (i) and
acceleration (a) zones in a Hall thruster discharge chamber. The
length L, and centroid z, of each zone are indicated. (not to scale)

As the discharge voltage of the NASA-173Mv2 was increased, 7. increased
and 7¢ decreased. There are several ways that z;, z4, Li, and L. can change to
produce these results. Before considering these, it is helpful to review the discharge
chamber floating potential results from section 12.1. The floating potential

experiments indicated that as the discharge voltage increased:

1) L, was approximately constant,
2) 2o moved upstream by 3+1 mm, and
3) either z; moved upstream or L; increased in length towards the anode.

This was inferred from visual observations of the plasma, so it was not
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possible to determine if the movement resulted from a shift in z; or
growth of L;. (Note that an increase of L; in only one direction must
also shift z;.)

The floating potential experiments are useful in determining the source of

changes in 7 and 7« measured with the RPA. In general, an increase in 7, may

result if:
a) zi moves upstream,
b) L; grows in the direction of the anode,
c) 2o moves downstream, or
d) Lq decreases.

From the floating potential experiments, 1) and 2) eliminate d) and c),
respectively, while 3) supports either a) or b). Therefore, the increase in the voltage
utilization efficiency can be either attributed to a shift or lengthening of the
ionization zone towards the anode.

In general, a decrease in na may result if:

1) zi moves downstream,
1i) L; increases,
1i1) 2q¢ moves upstream, or
1v) L. increases.

From the floating potential experiments, 1) eliminates iv), 3) eliminates 1)
and supports i1), and 2) supports ii1). Therefore, the decrease in the dispersion
efficiency can be attributed either to the movement of the acceleration zone or
growth of the ilonization zone. However, because a shift in the position of the

acceleration zone towards the anode would also decrease the voltage efficiency (the
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opposite was observed), it was more likely that changes to the position and
length of the ionization zone were the primary factors driving the observed
changes in the voltage and dispersion efficiencies.

A simple explanation for the growth and shift of the ionization layer can be
attributed to the expected increase of electron temperature with discharge voltage

(the electron temperature scaling with voltage inferred from plume measurements

082y As the electron temperature increases, the

in section 8.4.2 was Tep o« Vu
ionization layer can be expected to grow simply because it will take longer for the
electrons to liberate their energy through wall collisions and ionization. Internal
plasma measurements are needed to verify this claim.

As discussed at the beginning of this section, a longer ionization zone could be
detrimental to thruster efficiency and lifetime due to higher wall losses. However,
because the total efficiency increased with discharge voltage, additional wall losses
may have been reduced by better focusing efficiency. This would be consistent with
the decrease of plume divergence from 38° to 28° at voltages of 400-1000 V measured
in section 8.4.2.

The effects of the measured ion voltage distributions on thruster efficiency

are discussed further in section 12.5.

12.5 Efficiency analysis

The anode efficiency of a Hall thruster can be decomposed into the utilization
efficiencies characterizing the physical processes that contribute to the generation of
useful thrust. In Chapter 4, the utilization efficiencies were derived as part of the

performance model for a multiply-charged, partially-ionized plasma. In this section,
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the performance model is used to compute the utilization efficiencies of the NASA-
173Mv2 at an anode flow rate of 10 mg/s.

Knowing the functional dependence of the utilization efficiencies at high-
specific impulse is useful in understanding which processes dominate the anode
efficiency. As shown in section 4.4.4, the electron current fraction largely
determines the anode efficiency but, unfortunately, is very difficult to measure with
existing diagnostics.*®> While attempts have been made to measure the electron
current in Ref. [178] and other unpublished experiments by the author,%4 the
following analysis is restricted to applying the performance model to first compute
the electron current and then each of the utilization efficiencies.

The anode efficiency in a Hall thruster is given by

TZ
2m, P,

a

n, = = nqnunbnm 9 (12_1)

where the partial efficiencies are the charge utilization efficiency

2%
7, = TJ_ (12-2)
%7

the voltage utilization efficiency

771) =5, 9 (12_3)

* The electron current can be computed by measuring the ion and discharge currents. The ion current has traditionally
been measured using a Faraday probe, however, there are several practical limitations with this diagnostic. For
example, it is unclear where the sampling plane should be located and it is unclear how to account for ions lost to
charge-exchange collisions (or worse, which charge-exchange ions to include!). In short, current methods are, at best,
estimates of the “true” ion current. While potentially useful as a means to study the relative variation of the electron
current with operating point, these methods, at least in the opinion of the author, do not currently offer the accuracy
needed to measure the electron current.

* The unpublished experiments used the cathode-plane Faraday probe shown in Figures 6-4 and 6-5.
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the current utilization efficiency
1
n,=-t=1-¢, (12-4)
1
and the mass utilization efficiency

m, Q,
=0 2 ke 2 12-5
M i, Sty Z, ( )

(Formal definitions for each of the terms appearing in the utilization efficiencies are
given in Chapter 4.) The current, mass, and charge utilization efficiencies are
related functions due to their dependence on the ion beam current and the ion

species current fractions. Thus, the anode efficiency can also be expressed as

n, )
v, 2 Q.
= =1--L|01- E —= . 12-6
77(1 77q77v77b77m ( Vd ]( 8) f[ (Zi j ( )

7717 77m 77q

Equation 12-6 is a powerful means by which the electron current fraction and
utilization efficiencies can be computed if the anode efficiency, loss voltage, and ion
species current fractions are known. Table 12-1 summarizes the diagnostics that
were used to compute the electron current fraction. The anode efficiency was
computed from the thrust stand measurements in section 8.4.1, the ion current
fractions were measured with the ExB probe in section 11.2, and the loss voltage
was measured with the RPA in section 11.4 (after correcting the RPA data with the

plasma potential measurements from section 11.3).
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Table 12-1 Diagnostics used with the performance model to compute the
electron current and utilization efficiencies of the NASA-173Mv2 at
10 mg/s.
Diagnostic Measurement Data range
Thrust stand Anode efficiency 300-1000 V
ExB probe Ton species fractions 300-900 V
Langmuir probe Plasma potential (to correct 300-1000 V
RPA)
Retarding potential Loss voltage 300-800 V
analyzer (RPA) (IC,0C only at 800 V)

12.5.1 Charge utilization efficiency

Figure 12-3 shows the charge utilization efficiency over 300-900 V computed
with Eqn. 12-2 by using the ion species fractions measured with the ExB probe in
section 11.2. The charge utilization was computed only for the thruster operating
coil combinations) that were studied during the performance

points (i.e.,

characterization in section 8.4.1.
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Figure 12-3 Charge utilization efficiency versus discharge voltage of the NASA-

173Mv2 at 10 mg/s.
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As shown in Figure 12-3, the charge utilization was, on average, 98.5% at 300
V and then decreased at a nearly linear rate to an average value of 97.6% at 800 V.
A (relatively) sharp decrease occurred between 800 and 900 V, where the charge
utilization dropped to an average of 97.0%. Thus, the presence of multiply-
charged ion species decreased the anode efficiency by 1.5-3.0% over the
range of 300-900 V. Note that the charge utilization does not include the effects of
multiply-charged ions on the mass utilization or the current utilization. However, at
least with the NASA-173Mv2 at 10 mg/s, the charge utilization is a good measure of
the net effect of multiply-charged ions on performance because the current and mass
utilization efficiencies were usually increasing or constant with voltage (see section

12.5.4 and 12.5.5 below).

12.5.2 Voltage utilization efficiency
Figure 12-4 shows the voltage utilization efficiency over 300-900 V computed

with Eqn. 12-3 by using the loss voltage measured with the RPA in section 11.4.
The voltage utilization was computed only for the thruster operating points (i.e., coil
combinations) that were studied during the performance characterization in section
8.4.1. The RPA data included all of the thruster operating points from the
performance characterization between 300-700 V. However, at 800 V, data with the
RPA were acquired only with the inner and outer coils (IC,0C). No data were
collected with the RPA at 900 V. Since the voltage utilization showed a clear trend
with voltage, the loss voltage was conservatively extrapolated for the missing data
points at 800 and 900 V.45 At 800 V, the loss voltage was set to 25 V for the

operating conditions using the trim coils (the same as the measured value at 800 V,

4> Note from the previous section that the charge utilization was not extrapolated from the last data point at 900 V to
1000 V (the maximum voltage tested during the performance characterization). This was because the uncertainty in the
ExB probe measurements did not justify such an extrapolation.
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IC,0C). At 900 V, the loss voltage was set to 24 V for each data point, which was
consistent with the observed decrease in loss voltage with increasing discharge
voltage.

As shown in Figure 12-4, the voltage utilization ranged from 88.7% at 300 V
to 96.9% at 800 V (for the extrapolated data at 900 V, the voltage utilization was
97.3%). The substantial increase in the voltage utilization was primarily the result
of the discharge voltage increasing, since the decrease in the loss voltage was only

minor in comparison.
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Figure 12-4 Voltage utilization efficiency versus discharge voltage of the NASA-
173Mv2 at 10 mg/s. Data at 800-900 V are based on extrapolation of
the loss voltage except for the 800 V (IC,0C) point.

12.5.3 Electron and ion current

The electron current fraction (¢= I./Ils) was computed from Eqn. 12-6 using
the anode efficiency, loss voltage, and ion species fractions. Since the discharge
current was also known, this also meant that the electron current and ion current

could be computed. Figures 12-5 and 12-6 show the electron current and ion
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current, respectively, over 300-900 V. As described in section 12.5.2, data at 800-900
V are based on extrapolation of the loss voltage except for the 800 V (IC,0C) point.

The discharge current has also been included in Figure 12-6 for reference.
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Figure 12-5 Electron current versus discharge voltage of the NASA-173Mv2 at 10
mg/s. Data at 800-900 V are based on extrapolation of the loss voltage
except for the 800 V (IC,0C) point.

The electron current was relatively constant over the range of 300-700 V and
then decreased between 700-900 V. The average value of the electron current over
300-900 V was 2.06 A with a maximum deviation of +5%/-14% from the average. In
contrast, the ion current steadily increased with the discharge voltage from a
minimum of 6.79 A at 300 V to a maximum of 8.05 A at 900 V. The same relative
increase in the ion current with voltage has been confirmed with a cathode-plane
Faraday probe (not shown, the method employed was similar to Ref. [178]). The
discharge current also increased with discharge voltage from a minimum of 8.84 A
at 300 V to a maximum of 9.83 A at 900 V. Thus, the increase in the discharge

current with voltage was attributed to increased ion current due to the
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increased fraction of multiply-charged ions, rather than an increase of
electron current. These results show that:

1. the electron current in a high-specific impulse Hall thruster
can be regulated if the magnetic field is of the appropriate
shape and strength, and

2. an increasing current-voltage characteristic should not be
assumed to be the sole result of increased electron current (see
section 3.2.2.1), especially if the thruster is operating

efficiently.

NASA-173Mv2
@ 10 mg/s
= —6—1¢,0C
05 --{-}-- ITC
3 --7/-- ITC, ETC
X ETC

T
300 400 500 600 700 800 900 1000

Discharge voltage (V)

Figure 12-6 Ion current and discharge current versus discharge voltage of the
NASA-173Mv2 at 10 mg/s. Data at 800-900 V are based on
extrapolation of the loss voltage except for the 800 V (IC,0C) point.

12.5.4 Current utilization efficiency

Figure 12-7 shows the current utilization efficiency over 300-900 V computed

with Eqn. 12-4 by using the ion current that was computed in section 12.5.3. As

307



described in section 12.5.2, data at 800-900 V are based on extrapolation of the loss

voltage except for the 800 V (IC,0C) point.
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Figure 12-7 Current utilization efficiency versus discharge voltage of the NASA-
173Mv2 at 10 mg/s. Data at 800-900 V are based on extrapolation of
the loss voltage except for the 800 V (IC,0C) point.

As shown in Figure 12-7, the continuous increase with voltage that was
shown in the ion current in Figure 12-6 was not reflected in the current utilization,
since the current utilization depends on the ion and electron current. Instead, the
current utilization initially increased between 300-500 V, was relatively constant
between 500-700 V, and then increased between 700-900 V. The rise in the current
utilization beginning at 700 V was largely the result of the sudden decrease in
electron current shown in Figure 12-5. Overall, since the electron current was
nearly constant between 300-900 V, the current utilization efficiency increased
because of the increasing fraction of multiply-charged ions as the voltage increased.
The current utilization was, on average, 76.6% at 300 V and increased to an average

of 81.4% at 900 V.
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12.5.5 Mass utilization efficiency

Figure 12-8 shows the mass utilization efficiency over 300-900 V computed
with Eqn. 12-5 by using the ion current that was computed in section 12.5.3. As
described in section 12.5.2, data at 800-900 V are based on extrapolation of the loss

voltage except for the 800 V (IC,0C) point.
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Figure 12-8 Mass utilization efficiency versus discharge voltage of the NASA-
173Mv2 at 10 mg/s. Data at 800-900 V are based on extrapolation of
the loss voltage except for the 800 V (IC,0C) point.

As shown in Figure 12-8, the mass utilization increased rapidly between 300-
500 V, was relatively constant between 500-700 V, and then showed evidence of a
decrease between 700-900 V. At 300 V, the mass utilization was, on average, 85.9%
at 300 V and 88.1% at 900 V. The maximum mass utilization was 90.3%, which

occurred at 700 V.

12.5.6 Anode efficiency
For reference, Figure 12-9 shows the anode efficiency of the NASA-173Mv2 at

10 mg/s from the performance characterization in section 8.4.1. The anode
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efficiency, which excludes the cathode flow and the magnet power, ranged from a
minimum of 56.5% at 300 V to a maximum of 68.5% at 1000 V. (Total efficiency is
shown in Figure 8-7.) Figure 12-10 shows the anode efficiency and the
corresponding utilization efficiencies for the coil combinations at each discharge
voltage shown in Figure 12-9 that maximized anode efficiency. As described in
section 12.5.2, data for the utilization efficiencies at 800-900 V are based on

extrapolation of the loss voltage.
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Figure 12-9 Anode efficiency versus discharge voltage of the NASA-173Mv2 at 10
mg/s.

At the optimum coil combinations represented by Figure 12-10, the voltage
and current utilization efficiencies increased with discharge voltage, the charge
utilization efficiency decreased, and the mass utilization efficiency was nearly
constant. Note that the charge utilization is a good measure of the net effect of
multiply-charged ions on the anode efficiency since the other terms that are strongly

affected by multiply-charged ions, the current and mass utilization, were usually
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increasing or constant with voltage. As shown in section 4.4.4, these results confirm
that the anode efficiency in a Hall thruster is largely determined by the current
utilization.

Since the current utilization was an increasing function of the discharge
voltage (and the electron current showed evidence of a decrease above 700 V), these
results imply that the maximum anode efficiency of a Hall thruster has not
yet been reached with existing design strategies. With further design
improvements, anode efficiencies can potentially still be increased, perhaps as high
as 80%, if the discharge voltage is increased beyond 1000 V. At lower voltages, since
the electron current was relatively constant, further efficiency improvements would
require a means to minimize the production of multiply-charged ions and to increase

the voltage utilization efficiency further.
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Figure 12-10 Optimized anode efficiency and the corresponding utilization
efficiencies versus discharge voltage of the NASA-173Mv2 at 10 mg/s.
For the utilization efficiencies, data at 800-900 V are based on
extrapolation of the loss voltage.
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12.5.7 Electron Hall parameter

The scaling of the axial electron current with voltage provides insight on the
electron Hall parameter. The Hall parameter characterizes the number of
azimuthal revolutions an electron will complete before reaching the anode and is
affected by any process that increases the axial electron mobility (see section 3.1.3).
Note that neither a zero nor an infinite Hall parameter are desirable, since a Hall
parameter of zero would mean electrons migrate unimpeded to the anode and an
infinite Hall parameter would mean electrons never reach the anode. Therefore,
there must be a limited range of Hall parameters where the thruster will operate
efficiently (see section 3.1.2).

As shown in section 3.1.3, the electron Hall parameter is equal to the ratio of

the azimuthal and axial electron current densities given by
— jeé’
Q ==, (12-7)

From the ExB drift velocity v, ,, the azimuthal electron current density was

computed from

., =N,V =Ne—=. 12-8
]e9 e~ Y ExB e B ( )

r

The axial electron current density was computed from the electron current from the
performance model (see section 12.5.3) and the annular cross-sectional area of the

discharge chamber

(12-9)
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After applying the quasineutrality condition (n, = n,), the electron Hall parameter

was given by

Q, = ek A (12-10)
BI

r-e

Besides the electron current and channel area, the Hall parameter was
estimated from the available data as follows:

1. the axial electric field at 300 V was estimated from typical
electric field strengths in modern Hall thrusters and then
linearly varied with discharge voltage (based on the results
from the floating potential probe and Ref. [154]),

2. the radial magnetic field was given by the measurements taken
with the Gaussmeter (see section 8.4.4), and

3. the beam density was computed with Eqn. 4-46 from the
performance model.

Figure 12-11 shows the electron Hall parameter over 300-900 V computed
with Eqn. 12-10. As described in section 12.5.2, data at 800-900 V are based on
extrapolation of the loss voltage except for the 800 V (IC,0C) point.

At 300 V, the electron Hall parameter averaged 210. Between 300-400
V, the electron Hall parameter decreased by 25% and then was nearly
constant between 400-900 V. Over 400-900 V, the electron Hall parameter
averaged 160 with a maximum deviation from the average of +12%/-7%. The
electron Hall parameter computed here 1s consistent with experimental
investigations [2, 135, 136] that have shown that the Hall parameter attains a value

of several hundred in the closed-drift region, and with numerical simulations [138,
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144] that have found acceptable results when a numerical fitting parameter o'

(see Eqn. 3-15), which is equal to the electron Hall parameter if Bohm-like transport

dominates, was approximately 100.
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Figure 12-11 Electron Hall parameter versus discharge voltage of the NASA-
173Mv2 at 10 mg/s. Data at 800-900 V are based on extrapolation of
the loss voltage except for the 800 V (IC,0C) point.

The decrease in the Hall parameter between 300-400 V most likely coincided
with the onset of space-charge saturation of the discharge chamber wall sheaths
[109, 110]. Although this claim cannot be confirmed directly, there is ample
evidence that the thruster is transitioning to a different operating mode beginning
around 400 V. For example, consider the large jump in plume divergence and
discharge current oscillations between 300-400 V shown in Figures 8-15 and 8-19,
respectively. Apparently, the transition to this new regime persists until about 600

V, after which the oscillations suddenly decrease. It seems then that the magnetic
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field in the NASA-173Mv2 is effective at controlling oscillations and wall effects
above 600 V so that the efficiency does not begin to decrease.

At least over 400-1000 V, maintaining a nearly constant electron Hall
parameter over such a large voltage range implied that the balance of all the
processes affecting the axial electron mobility were also approximately constant.
This confirms the claim made in section 3.1.2 that efficient thruster
operation can only be realized over a limited range of electron Hall

parameters.

12.6 Conclusions
The results from a series of plasma diagnostics used with the NASA-173Mv2

have shown the effects of the magnetic field and discharge voltage on the discharge
chamber and far-field plasma properties during high-specific impulse operation.

Discharge chamber floating potential measurements have proven to be useful
in understanding relative trends in the acceleration process. The acceleration layer
moved upstream 3+1 mm when the voltage increased from 300 V to 600 V.
Additionally, the 14+2 mm acceleration layer length was found to be approximately
constant with voltage and magnetic field, which in turn implied that the electric
field scaled linearly with the discharge voltage.

An ExB probe was used to measure the ion species fractions of Xe*, Xe?*, and
Xe3*. Over discharge voltages of 300-900 V, the Xe?* species fractions increased from
0.03 to 0.16 and the Xe3* species fraction increased from 0.01 to 0.03.

A cylindrical Langmuir probe was used to measure the plasma potential and
a retarding potential analyzer was employed to measure the ion voltage distribution.

The plasma potential was affected by relatively small changes in the external
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magnetic field, which suggested a means to control the plasma surrounding the
thruster. As the discharge voltage increased, the ion voltage distribution showed
that the voltage utilization efficiency increased and the dispersion efficiency
decreased. This implied that the ionization zone was growing axially and moving
closer to the anode, which could have affected thruster efficiency and lifetime due to
higher wall losses. However, wall losses may have been reduced by improved
focusing efficiency since the total efficiency increased and the plume divergence
decreased with discharge voltage.

Using the experimental data as inputs, the performance model for a multiply-
charged, partially-ionized plasma was used to compute the utilization efficiencies of
the NASA-173Mv2 over discharge voltages of 300-900 V. With increasing discharge
voltage, the net decrease of the anode efficiency due to the increasing fraction of
multiply-charged ions was shown to be minor. The electron current was also shown
to be approximately constant with increasing discharge voltage, while the ion
current increased due to the increased fraction of multiply-charged ions. These
results confirmed that the shape and strength of the magnetic field in the NASA-
173Mv2 enabled efficient operation at high-specific impulse by effectively regulating
the electron current. Further analysis revealed that the anode efficiency was largely
determined by the current utilization efficiency, which suggested that the maximum
efficiency of Hall thrusters has yet to be reached. Finally, it was shown that the
electron Hall parameter was approximately constant with increasing discharge
voltage. At 300 V, the electron Hall parameter averaged 210 and then decreased to
an average value of 160 +12%/-7% over 400-900 V. This confirmed that efficient

thruster operation can be realized only over a limited range of Hall parameters.
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Chapter 13

Conclusions

The central aim of this dissertation, the development and characterization of
xenon Hall thrusters capable of both high-specific impulse and high-efficiency
operation, has been achieved. Through design and experiment, the development of
the NASA-173M Hall thrusters established that Hall thrusters can operate
efficiently at high-specific impulse if a minimum current density is maintained and
the magnetic field topography is properly shaped. During an extended
characterization of the NASA-173Mv2, a series of plasma diagnostics were deployed
to study the competing mechanisms affecting performance at high-specific impulse.
To aid the characterization studies, a performance model accounting for the effects
of a multiply-charged, partially-ionized plasma was also derived. Among other
results, the characterization phase of the NASA-173Mv2 confirmed how the
magnetic field enabled efficient operation at high-specific impulse by effectively
regulating the electron current.

In the remainder of this chapter, the major conclusions from this dissertation
are summarized and suggestions concerning the future development of high-specific

impulse Hall thrusters are proposed.

13.1 The role of magnetic field topography
The NASA-173M Hall thrusters were designed based on the hypothesis that

the magnetic field topography required for efficient, high-specific impulse operation
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would differ from that employed at 1600 s specific impulse. Experiments with the
NASA-173Mv1 confirmed this basic hypothesis by establishing the validity of the
plasma lens magnetic field design. In a performance study at low current density,
changes to the magnetic field topography at high-specific impulse were shown to be
critical to achieving efficient operation. Analysis of the magnetic field identified
several factors that contributed to the performance benefits gained by altering the

magnetic field topography.

13.2 The role of current density and magnetic field
topography
Experiments with the NASA-173Mv2 documented the influence of current

density and magnetic field topography on the performance, plume divergence and
plasma oscillations at high-specific impulse. Test results showed there was a
minimum current density and optimum magnetic field topography at which
efficiency monotonically increased with voltage. Between 300-1000 V and an anode
mass flow rate of 10 mg/s, the total specific impulse of the NASA-173Mv2 ranged
from 1600-3400 s with a corresponding total efficiency of 51-61%. The use of trim
coils to modify the magnetic field improved performance while decreasing plume
divergence and the frequency and magnitude of plasma oscillations. This may
ultimately prove to be the greatest utility of trim coils, since controlling divergence
and oscillations 1s critical to extending thruster lifetime. While enhancing
performance overall, trim coils were not required to obtain a monotonic efficiency-
voltage characteristic. This demonstrated that traditional magnetic circuits can still

be used if the fixed magnetic field topography is properly designed.
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13.3 Optimizing the magnetic field for specific impulse
A performance comparison of the NASA-173M Hall thrusters demonstrated

that efficiency could be optimized for specific impulse by changing the design of the
plasma lens. The magnetic field topography of the NASA-173Mv1 was found to be
well suited for low-specific impulse operation, while the improved design of the
NASA-173Mv2 optimized at high-specific impulse. These results have shown how
the magnetic field of a Hall thruster can be tailored to maximize efficiency for a
particular range of specific impulse. In other words, there is no magic magnetic field
that will result in maximum efficiency over an infinite range of discharge voltages.
This should go without saying, but of course, dispelling such a notion is what

motivated this research in the first place.

13.4 Plasma properties at high-specific impulse

Measurements of discharge current oscillations, magnetic field, internal
floating potential, and plume measurements of the ion current density, ion species
fractions, plasma potential, and ion voltage distributions have improved the existing
understanding of Hall thruster operation at high-specific impulse. From these
measurements, most of which were taken at an anode mass flow rate of 10 mg/s,
some of the major results and conclusions were that:

1. The breathing-mode frequency steadily increased with voltage, from

14.5 kHz at 300 V to 22 kHz at 1000 V. Above 500 V, additional
oscillatory modes in the 80-90 kHz band emerged. Trim coils were
shown to affect this frequency band.

2. At optimum thruster efficiency, a nearly linear increase of the

magnetic field was required with increased discharge voltage.
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13.5

Between 300-1000 V, the magnetic field increased by a factor of 2.6 for
flow rates of 10 mg/s.

Plume divergence decreased between 400—1000 V from a maximum of
38° to a minimum of 28°. An increase in divergence from 300 to 400 V
was attributed to plasma oscillations.

The thickness of the acceleration layer was nearly constant with
increased discharge voltage, which implied that the scaling of the
electric field with voltage was linear. The position of the acceleration
layer also moved upstream with voltage.

The loss voltage decreased with discharge voltage from 35 V at 300 V
to 25 Vat 800 V.

The length and position of the ionization layer increased towards the
anode with increased discharge voltage.

The species fraction of Xe* decreased from 0.96 to 0.81 over 300-900 V,
while Xe?* increased from 0.03 to 0.16 and Xe?3* increased from 0.01 to
0.03 over the same voltage range.

The far-field plasma potential was affected by relatively small changes
in the external magnetic field, which suggested a means to control the

plasma surrounding the thruster.

Utilization efficiency analysis

A phenomenological Hall thruster performance model accounting for the

effects of a multiply-charged, partially-ionized plasma was derived as a function of

the utilization efficiencies of current, mass, voltage, and charge. It was shown how

the model could be combined with experimental measurements of the plasma
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parameters to compute the electron current and utilization efficiencies. Since the
electron current is difficult to measure accurately using probe-based diagnostics, the
performance model has proven to be an extremely powerful tool in the study of Hall
thruster physics.

Using the experimental data as inputs, the performance model for a multiply-
charged, partially-ionized plasma was used to compute the utilization efficiencies of
the NASA-173Mv2 over discharge voltages of 300-900 V. With increasing discharge
voltage, the net decrease of the anode efficiency due to the increasing fraction of
multiply-charged ions was shown to be minor. The electron current was also shown
to be approximately constant with increasing discharge voltage, while the ion
current increased due to the increased fraction of multiply-charged ions. These
results confirmed that the shape and strength of the magnetic field in the NASA-
173Mv2 enabled efficient operation at high-specific impulse by effectively regulating
the electron current. Further analysis revealed that the anode efficiency was largely
determined by the current utilization efficiency, which suggested that the maximum
efficiency of Hall thrusters has yet to be reached. Finally, it was shown that the
electron Hall parameter was approximately constant with increasing discharge
voltage. At 300 V, the electron Hall parameter averaged 210 and then decreased to
an average value of 160 +12%/-7% over 400-900 V. This confirmed that efficient

thruster operation can be realized only over a limited range of Hall parameters.

13.6 A proposed testing standard for Hall thrusters

Based on the successful application of the performance model in this
dissertation, it is hoped that the methods described here will be adopted and refined

into a standard characterization procedure for Hall thrusters. If such a procedure
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were adopted, this would enable researchers to make quantitative comparisons
between thruster designs with unprecedented accuracy, thus enabling a deeper
understanding of Hall thruster physics throughout the community. Specifically, the
performance model suggests that the following diagnostics should be a part of any
laboratory studying Hall thrusters:

1. a thrust stand to measure performance,

2. a retarding potential analyzer (RPA) or electrostatic energy analyzer

(ESA) to measure the average ion voltage,

3. a cylindrical Langmuir probe to correct the RPA,
4. an ExB probe to measure the ion species fractions,* and
5. a Faraday probe to measure ion current density.

To compute the electron current, the performance model depends on the loss
voltage, ion species fractions, and the thruster efficiency. Since the plasma
parameters in the model represent global properties of the thruster, the plasma
parameters should be measured to account for any spatial dependence so that
average values can be computed. While the far-field measurements that were taken
during the course of this research were certainly a good indicator of the average
plasma properties, the methodology could be refined to decrease the uncertainty in
the measurements.

At least in theory, the most accurate method to account for the spatial
dependence of the plasma parameters is to make radial measurements of the ion
current density and the other plasma parameters at some axial location downstream

of the thruster (considering the pumping speed limitations of most vacuum facilities,

4 Actually, an ExB probe should be capable of measuring the average ion energy. ExB probes used with Hall thrusters
usually require calibration because ExB probes are prone to alignment errors that are difficult to quantify. Since this is
casily done with an RPA, both probes are included in the list of suggested diagnostics.
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one to five thruster diameters is suggested). The current density is used to weight
the plasma parameter measurements so that average values can be computed. For
example, if the ion voltage was measured at some axial location along radial sweeps
from thruster centerline, then at each radial location the average ion voltage Va(r)

could be calculated from the ion voltage distribution f(r,V)

o

V,(r)=[VI(,V)av (13-1)

0
The average ion voltage V. for the thruster could then be calculated by weighting
each radial measurement by the ion current density j»(r) and then integrating
radially
V. - Ii [V, (rardr (13-2)
b o

where the total ion beam current I is given by

I, = ij(r)27zrdr . (13-3)

Since the ion current density is used only as a weighting function, it is not necessary
for this measurement, or the total ion beam current computed from 1it, to be
particularly accurate in terms of absolute quantities. Only the relative change in
the 1on current density is needed to weight the plasma properties.

In addition, during the experiments changes to the plasma caused by altering
the magnetic field were largely unresolved. Improving the resolution of the probes
used here should alleviate this shortcoming and improve the overall accuracy of the

quantities computed from the performance model. Specifically, it is recommended
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that energy probes used in future investigations have an energy resolution of better

than 1%.

13.7 Suggestion for future work

The research described in this dissertation has established a solid foundation

from which the future development of high-specific impulse Hall thrusters may

proceed. While the design of such a thruster by the author and his co-workers is

currently in progress at NASA GRC [49], there are several other issues and

potential directions that deserve further scrutiny. These topics include, at least:

1.

Numerical simulations of high-specific impulse Hall thrusters.
The plasma measurements presented here have only begun to scratch
the surface of a more fundamental explanation of the factors affecting
Hall thruster efficiency at high-specific impulse. The recent work by
Gascon, et al. and Barral, et al. [109, 110] concerning the transition to
a space-charge saturation regime has been offered here as a likely
explanation of the trends observed with the NASA-173M Hall
thrusters. However, the NASA-173M data do not allow for definitive
conclusions, only indirect inferences are currently possible. It is hoped
that the data in this dissertation can be used to validate future
numerical models. Such models could presumably lend additional
insight necessary to understand the underlying physics of high-
specific impulse operation.

Lifetime evaluation of high-specific impulse Hall thrusters.
This dissertation has tacitly assumed that if thruster efficiency is

maximized so too is thruster lifetime. While this may prove to be
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accurate, there are still unanswered questions concerning the rate at
which lifetime decreases with voltage. Recent numerical modeling by
Garrigues, et al. [215] has begun to address some of these lifetime
issues by demonstrating how erosion rates in 1600 s thrusters
decreases when a plasma lens is used (in lieu of less concave magnetic
field lines). Efforts to establish the voltage dependence of lifetime
with the use of a plasma lens should be pursued in the near-term.
Characterization of high-specific impulse Hall thrusters with
krypton as a propellant. Besides offering higher specific impulse
(at the expense of efficiency), krypton propellant may prove to be a
better choice than xenon for high-specific impulse Hall thrusters.
While krypton is harder to ionize than xenon (which lowers the
efficiency mainly by decreasing the mass utilization), this attribute
also decreases the production of multiply-charged ions. If the
efficiency of krypton Hall thrusters can be improved, such thrusters
would presumably have longer lifetimes than their xenon counterparts
due to the decreased fractions of multiply-charged ions.

Influence of neutral flow uniformity on high-specific impulse
Hall thrusters. The azimuthal uniformity of the neutral flow
through the anode has proven to be critical to maintaining efficient
operation. Unfortunately, this topic rarely receives the attention it
deserves, at least in the research community. It is suggested that
improved anode designs and better methods to evaluate flow

uniformity be developed.
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Appendix A

UM/AFRL P5 performance data

Table A-1 UM/AFRL P5 performance data at 300-600 V, 5-15 A from section 7.6.2

[200].
Thrust / | Thrust/
vd Id Pd | Anode|Cathode| IC | OC |Pmag| Ptot| Thrust Pd Ptot |Anode Isp| Anode |Total Isp| Total | Ve-g|Pressure
VM| A | W) |(mgls)| (mgls) | A) | A [ W) [ (W) ]| (mN) | (mN/EkW) [ (mN/kW) (sec) |Efficiency| (sec) |Efficiency| (V) |(Torr-Xe)
299.9| 4.86 | 1458 5.37 0.60 ]2.24|1.01 13.1 |1471] 85.9 58.9 58.4 1630 0.471 1470 0.420 [-20.8]| 3.4E-06
400.0| 4.76 | 1904 | 5.34 0.60 12.50f1.26 | 17.1 [1921] 101.7 53.4 52.9 1940 0.509 1750 0.453 [-21.6] 3.4E-06
500.0] 5.00 | 2500 | 5.46 0.60 |3.51f 1.51 32.3 [2532] 116.8 46.7 46.1 2180 0.500 1970 0.445 [-21.4]| 3.4E-06
600.0| 5.24 | 3144 | 5.33 0.60 |3.51f2.95| 51.0 [3195] 131.1 41.7 41.0 2510 0.513 2250 0.454 [-21.8] 3.4E-06
300.0 9.92[2976] 10.21| 0.60 ]4.00f 2.01 | 45.5 [3021] 174.7 58.7 57.8 1740 0.502 1650 0.467 [-20.2| 5.7E-06
400.0) 9.98[3992] 10.22| 0.60 | 4.51] 2.01 | 58.0 [4050] 212.4 53.2 52.4 2120 0.553 2000 0.515 [-20.8] 5.7E-06
500.0/10.04| 5020] 10.18] 0.60 |5.01] 2.01 | 72.9 |5093] 238.9 47.6 46.9 2390 0.558 2260 0.519 [-20.9] 5.7E-06
600.0{10.18] 6108 10.23| 0.60 | 6.51| 2.53 | 134.5[6243] 268.3 43.9 43.0 2670 0.576 2530 0.532 [-22.1] 5.7E-06
300.1[15.12] 4538 14.62| 0.60 ]6.00f 1.99 | 113.3[4651] 253.8 55.9 54.6 1770 0.486 1700 0.455 [-24.4] 7.9E-06
400.0/15.10] 6040 14.56| 0.60 ] 6.51] 1.99 | 140.8[6181] 309.7 51.3 50.1 2170 0.545 2080 0.512 [-25.6] 7.9E-06
500.0]15.00] 7500 | 14.43] 0.60 |6.99] 1.99 | 169.3|7669| 354.2 47.2 46.2 2500 0.580 2400 0.544 [-25.9] 7.9E-06
600.0[15.34] 9204 | 14.43| 0.60 | 8.51| 1.99 | 270.8[9475] 396.5 43.1 41.8 2800 0.592 2690 0.552 [-27.1] 7.9E-06
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Appendix B

NASA-173Mv1 performance data

Table B-1 NASA-173Mv1 performance data at 300-600 V, 5 mg/s (anode #1) from
section 7.4.

Anode|Cathode Thrust | Thrust / Pd| Anode| Anode| Veg | Pressure
Vd (V)] Id (A) [ Pd (W)| (mg/s)| (mg/s) | IC (A) |OC (A)|ITC (A)] (mN) [ (mN/kW) |Isp (s)| Eff | (V) |(Torr-Xe)
300.1 | 4.18 | 1255 | 5.00 0.54 2.00 1.50 0.00 75.0 59.8 1530 | 0.449 [-12.5| 4.6E-06
300.5 | 4.20 | 1262 | 4.98 0.52 2.00 1.50 0.00 75.3 59.7 1542 | 0.452 |-13.5] 4.6E-06
300.5 | 4.18 | 1257 | 4.98 0.52 2.00 1.50 -0.12 75.9 60.4 1554 | 0.461|-13.6] 4.6E-06
300.6 | 4.15 | 1247 | 4.98 0.52 2.00 1.50 -0.22 75.6 60.7 1548 | 0.461|-13.5| 4.6E-06
300.6 | 4.13 | 1242 | 4.98 0.52 2.00 1.50 -0.30 75.2 60.5 1539 | 0.457 |-13.2] 4.6E-06
300.1 | 4.17 | 1250 | 4.98 1.02 2.00 1.49 -0.44 74.1 59.3 1517 | 0.441|-12.3] 4.8E-06
300.0 | 4.20 | 1259 | 4.98 1.02 2.00 1.49 -0.53 74.2 58.9 1519 | 0.439]-12.1| 4.8E-06
299.9 | 4.33 | 1297 | 4.98 1.02 2.00 1.49 -1.01 71.1 54.8 1454 | 0.391 |-11.4| 4.8E-06
400.0 | 4.18 | 1674 | 5.00 0.54 1.99 | 1.50 | 0.00 90.3 54.0 1841 | 0.487[-12.9] 4.6E-06
400.4 | 4.20 | 1682 | 4.98 0.52 2.06 2.04 -0.09 91.0 54.1 1862 | 0.494 |-13.3] 4.6E-06
400.1 | 4.26 | 1706 | 4.98 1.02 2.06 2.04 -0.27 91.9 53.9 1880 | 0.497|-12.7] 4.8E-06
400.4 | 4.37 | 1749 | 4.98 1.02 2.06 | 2.04 | -0.44 | 93.6 53.5 1917 | 0.503 [-12.8] 4.8E-06
400.1 | 4.37 | 1748 | 4.98 1.02 2.06 2.04 -0.50 92.8 53.1 1900 | 0.495 |-12.8] 4.8E-06
400.3 | 4.44 | 1779 | 4.98 1.02 2.06 2.04 -0.60 92.4 51.9 1891 | 0.482]-12.6] 4.8E-06
400.2 | 4.49 | 1798 | 4.98 1.02 2.06 2.04 -0.75 89.1 49.6 1824 | 0.443 |-12.5| 4.8E-06

500.4 | 4.52 | 2260 | 4.98 1.02 2.00 | 2.00 0.00 | 105.5 46.7 2160 | 0.495[-12.5] 4.8E-06
500.4 | 4.51 | 2258 | 4.98 1.02 2.00 | 1.99 0.00 | 106.1 47.0 2171 ] 0.500 | -12.4] 4.8E-06
500.3 | 4.46 | 2231 | 4.98 1.02 2.00 | 1.99 | -0.09 | 106.2 47.6 2175 | 0.508 [-12.7] 4.8E-06
500.4 | 4.51 | 2259 | 4.98 1.02 2.00 | 1.99 | -0.22 | 107.1 47.4 2193 [ 0.510[-12.3] 4.8E-06
500.2 | 4.50 | 2251 [ 4.98 1.02 2.00 | 1.99 [ -0.27 | 107.1 47.6 2192 | 0.512|-12.4| 4.8E-06
500.1 [ 4.59 | 2297 | 4.98 1.02 2.00 | 1.99 | -0.40 | 107.2 46.7 2194 [ 0.502 [-12.2] 4.8E-06
500.1 | 4.68 | 2343 [ 4.98 1.02 2.00 | 1.99 [ -0.53 | 106.6 45.5 2182 ] 0.487]-11.9| 4.8E-06
500.1 | 4.68 | 2342 | 4.98 1.02 2.00 | 1.99 | -1.01 | 102.7 43.9 2102 | 0.452]-11.7 4.8E-06
600.4 | 4.63 | 2780 [ 4.98 0.52 3.03 | 2.99 0.00 | 119.0 42.8 2436 | 0.511 [-14.0] 4.6E-06
600.5 | 4.57 | 2746 | 4.98 0.52 3.03 | 2.99 0.00 | 118.7 43.2 2429 | 0.515]-13.9] 4.6E-06
600.3 | 4.55 | 2730 | 4.98 0.52 3.03 | 3.00 | -0.12 | 118.0 43.2 2416 | 0.512[-14.0] 4.6E-06
600.2 | 4.64 | 2786 | 4.98 0.52 3.03 | 2.99 | -0.22 | 120.0 43.1 2455 1 0.519 | -14.1| 4.6E-06
600.0 | 4.75 | 2851 | 4.98 0.52 3.03 | 2.99 | -0.37 | 120.5 42.3 2467 | 0.511]-13.7 4.6E-06
600.1 [ 4.83 | 2895 | 4.98 0.52 3.03 | 2.99 | -0.50 | 120.1 41.5 2459 | 0.500[-13.4] 4.6E-06
600.0 | 4.94 | 2963 [ 4.98 0.52 3.03 | 2.99 | -1.03 | 1184 40.0 2424 1 0.475]-12.9] 4.6E-06
600.0 | 4.93 | 2956 | 4.98 0.52 3.03 | 2.99 | -2.03 | 114.2 38.6 2337 | 0.443]-12.7 4.6E-06
600.4 | 4.75 | 2850 | 4.98 0.52 3.03 | 2.99 | -3.07 | 107.7 37.8 2204 | 0.408 | -12.5]| 4.6E-06
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Table B-2 NASA-173Mv1l performance data at 700-1000 V, 5 mg/s (anode #1)
from section 7.4.

Anode|Cathode| Thrust | Thrust / Pd| Anode|Anode| Vcg | Pressure
Vd (V)| Id (A) |Pd (W)| (mg/s)| (mg/s) | IC (A)|OC (A)|ITC (A)| (mN) [ (mN/EkW) [Isp (s)| Eff | (V) |(Torr-Xe)

700.3 | 4.77 | 3342 | 4.98 0.52 3.562 | 3.47 0.00 | 128.2 38.4 2625 | 0.494|-13.6] 4.6E-06
700.3 | 4.77 | 3338 | 4.98 0.52 3.52 | 3.47 0.00 | 128.4 38.5 2628 | 0.496 [-13.5] 4.6E-06
700.4 | 4.72 | 3303 | 4.98 0.52 3.52 | 3.48 0.00 | 128.1 38.8 2622 | 0.499 [-13.9] 4.6E-06
700.3 | 4.76 | 3334 | 4.98 0.52 3.562 | 3.47 | -0.27 | 129.0 38.7 2641 ]| 0.501 | -13.7] 4.6E-06
700.5 | 4.70 | 3293 | 4.98 0.52 3.52 | 3.47 | -0.27 | 128.4 39.0 2627 | 0.502 [-14.0] 4.6E-06
700.6 | 4.66 | 3267 | 4.98 0.52 3.52 | 3.47 | -0.50 | 128.0 39.2 2620 | 0.503 | -14.0| 4.6E-06
700.4 | 4.74 | 3317 | 4.98 0.52 3.562 | 3.47 | -0.52 | 129.2 39.0 2645 | 0.505]-13.7] 4.6E-06
700.4 | 4.73 | 3314 | 4.98 0.52 3.52 | 3.47 | -0.75 | 128.7 38.8 2634 | 0.502 [-13.7] 4.6E-06
700.5 | 4.74 | 3318 | 4.98 0.52 3.52 | 3.47 | -0.75 | 128.6 38.8 2633 | 0.501 | -13.8] 4.6E-06
700.2 | 4.91 | 3439 | 4.98 0.52 3.561 | 3.47 | -1.03 | 129.7 37.7 2655 | 0.491|-13.2] 4.6E-06
700.0 | 5.02 | 3514 | 4.98 0.52 3.51 | 3.47 | -1.23 | 129.2 36.8 2646 | 0.477[-12.8] 4.6E-06
700.0 [ 5.03 | 3521 | 4.98 0.52 3.51 | 3.47 | -1.50 | 128.1 36.4 2623 | 0.468 |-12.6]| 4.6E-06
799.5 | 4.75 | 3799 | 5.00 0.54 3.50 | 3.50 0.00 | 135.0 35.5 2752 1 0.480)-12.3] 4.6E-06
800.5 | 4.87 | 3898 | 4.98 0.52 3.52 | 3.48 0.00 | 136.9 35.1 2802 | 0.483]-12.9] 4.6E-06
800.6 | 4.83 | 3866 | 4.98 0.52 3.51 | 3.49 0.00 | 136.7 35.3 2797 [ 0.485[-13.1] 4.6E-06
800.5 | 4.86 | 3894 [ 4.98 0.52 3.562 | 3.48 | -0.27 | 137.8 35.4 2820 | 0.489|-12.9] 4.6E-06
800.6 | 4.81 | 3852 [ 4.98 0.52 3.51 | 3.48 | -0.27 | 137.0 35.6 2804 | 0.489]-13.1] 4.6E-06
800.7 | 4.80 | 3843 | 4.98 0.52 3.51 | 3.48 | -0.50 | 137.2 35.7 2809 [ 0.492[-13.2] 4.6E-06
800.6 | 4.85 | 3882 [ 4.98 0.52 3.52 | 3.48 | -0.50 | 138.3 35.6 2831 | 0.495]-13.0] 4.6E-06
800.7 | 4.85 | 3887 | 4.98 0.52 3.561 | 3.48 | -0.75 | 138.0 35.5 2825 ] 0.492]-13.0] 4.6E-06
800.7 | 4.81 | 3848 | 4.98 0.52 3.51 | 3.48 | -0.75 | 137.0 35.6 2805 | 0.490[-13.2] 4.6E-06
800.6 | 4.95 | 3965 [ 4.98 0.52 3.561 | 3.48 | -1.00 | 138.3 34.9 2832 ] 0.485]-12.8] 4.6E-06
800.2 | 5.20 | 4160 | 4.98 0.52 3.561 | 3.48 | -1.50 | 138.5 33.3 2834 | 0.463|-11.9] 4.6E-06
800.5 | 4.83 | 3864 | 4.98 0.52 4.54 | 4.52 0.00 | 135.2 35.0 2768 | 0.475]-13.7] 4.6E-06
800.5 | 4.85 | 3885 [ 4.98 0.52 4.54 | 452 | -1.01 | 138.3 35.6 2832 ] 0.495]-13.8] 4.6E-06
800.4 | 4.94 | 3954 | 4.98 0.52 4.54 | 4.52 | -2.05 | 140.3 35.5 2871 | 0.500[-13.6] 4.6E-06
800.2 | 5.12 | 4097 | 4.98 0.52 4.54 | 452 | -3.05 | 139.3 34.0 2851 | 0.475]-13.0] 4.6E-06
900.4 | 5.08 | 4577 [ 5.00 1.02 5.03 | 4.99 0.00 | 146.8 32.1 2994 | 0.471)-10.8]| 4.8E-06
900.5 | 5.07 | 4569 [ 5.00 1.02 5.03 | 4.99 | -1.05 | 149.3 32.7 3044 | 0.488]-10.9] 4.8E-06
900.6 | 5.10 | 4594 | 5.00 1.02 5.03 | 4.99 | -2.06 | 152.0 33.1 3099 | 0.503 |-10.8] 4.8E-06
900.4 | 5.47 | 4926 | 5.00 1.02 5.02 | 4.99 | -3.03 | 153.4 31.1 3127 | 0.478 1-10.0f 4.8E-06
900.2 | 5.51 | 4962 | 5.00 1.02 5.03 | 499 | -3.03 | 153.9 31.0 3137 [ 0.477] -9.8 | 4.8E-06
1003.2] 5.20 | 5217 | 5.00 1.02 4.98 | 4.97 0.00 | 154.9 29.7 3159 | 0.460 |-10.0{ 4.8E-06
1003.4] 5.19 | 5212 | 5.00 1.02 4.98 | 497 | -1.01 | 159.8 30.7 3258 | 0.490|-10.2| 4.8E-06
1003.5] 5.18 | 5200 | 5.00 1.02 4.98 | 497 | -1.53 | 160.3 30.8 3269 | 0.494 | -9.9 | 4.8E-06
1003.7] 5.26 | 5283 | 5.00 1.02 4.98 | 497 | -2.03 | 164.9 31.2 3362 | 0.515]-10.2 4.8E-06
1000.5] 5.67 | 5672 | 5.00 1.02 5.02 | 499 | -3.03 | 162.1 28.6 3305 | 0.463] -9.3 | 4.8E-06
1003.4| 5.74 | 5757 | 5.00 1.02 5.01 | 498 | -3.03 | 163.2 28.4 3328 | 0.463 | -9.2 | 4.8E-06
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Appendix C

NASA-173Mv2 performance data
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Appendix D

NASA-173Mv2 telemetry and plasma data

Table D-1 NASA-173Mv2 telemetry during the floating potential measurements
from section 11.1.

Vf Point vd Id Anode | Cathode IC oC ITC ETC Veg Pressure
No. V) A4) (mg/s) | (mg/s) A4) A) A) A) (V) | (Torr-Xe)
Vf 12 01 300 9.20 10.00 1.00 1.75 1.50 0.00 0.00 -12.5 1.3E-05
Vf 11 01 300 9.00 10.00 1.00 1.75 1.50 -0.54 0.00 -12.6 1.3E-05
Vf 10 01 300 9.10 10.00 1.00 1.75 1.50 -0.54 -4.00 -14.4 1.3E-05
Vf 13 01 600 9.80 10.00 1.00 3.26 2.51 0.00 0.00 -15.0 1.3E-05
Vf 14 01 600 9.80 10.00 1.00 3.26 2.51 -0.26 0.00 -14.2 1.3E-05
Vf 15 01 600 9.90 10.00 1.00 3.26 2.51 -0.26 -5.00 -15.5 1.3E-05

Table D-2 NASA-173Mv2 telemetry during the ExB probe measurements from
section 11.2.

Point Vd Id Anode | Cathode| IC oC ITC ETC | Veg | Pressure
No. W) (A) (mg/s) (mg/s) (A) A) (A) (A) V) | (Torr-Xe)
93 300.4 8.87 10.00 1.00 1.75 1.50 0.00 0.00 -11.8 4.6E-06
94 300.4 8.73 10.00 1.00 1.75 1.50 -0.54 0.00 -11.7 4.6E-06
95 300.4 8.73 10.00 1.00 1.75 1.50 -0.54 -4.00 -11.4 4.6E-06
96 300.4 8.83 10.00 1.00 1.75 1.50 0.00 -4.00 -11.4 4.6E-06
101 400.4 9.24 10.00 1.00 2.50 2.26 0.00 0.00 -13.0 4.6E-06
102 400.3 9.16 10.00 1.00 2.50 2.26 -0.36 0.00 -13.0 4.6E-06
103 400.3 9.16 10.00 1.00 2.50 2.26 -0.36 -2.00 -12.7 4.6E-06
104 400.3 9.22 10.00 1.00 2.50 2.26 0.00 -2.00 -12.7 4.6E-06
105 500.4 9.37 10.00 1.00 3.00 2.20 0.00 0.00 -13.3 4.6E-06
106 500.4 9.30 10.00 1.00 3.00 2.20 -0.35 0.00 -13.3 4.6E-06
107 500.2 9.33 10.00 1.00 3.00 2.20 -0.35 -5.00 -13.0 4.6E-06
108 500.2 9.36 10.00 1.00 3.00 2.20 0.00 -5.00 -13.0 4.6E-06
109 600.2 9.53 10.00 1.00 3.26 2.49 0.00 0.00 -13.4 4.6E-06
110 600.2 9.48 10.00 1.00 3.26 2.49 -0.26 0.00 -13.5 4.6E-06
111 600.2 9.54 10.00 1.00 3.26 2.49 -0.26 -5.00 -12.8 4.6E-06
112 600.2 9.44 10.00 1.00 3.26 2.49 0.00 -5.00 -13.1 4.6E-06
113 700.4 9.71 10.00 1.00 3.41 3.06 0.00 0.00 -14.0 4.6E-06
114 700.4 9.64 10.00 1.00 3.41 3.06 -0.20 0.00 -13.7 4.6E-06
115 700.4 9.61 10.00 1.00 3.41 3.06 -0.20 -5.00 -13.2 4.6E-06
116 700.4 9.60 10.00 1.00 3.41 3.06 0.00 -5.00 -13.3 4.6E-06
117 800.1 9.81 10.00 1.00 3.82 3.30 0.00 0.00 -14.1 4.6E-06
118 800.1 9.94 10.00 1.00 3.82 3.30 -0.21 0.00 -13.7 4.6E-06
119 800.1 9.94 10.00 1.00 3.82 3.30 -0.21 -4.00 -13.3 4.6E-06
120 800.1 9.87 10.00 1.00 3.82 3.30 0.00 -4.00 -13.5 4.6E-06
126 900.1 9.84 10.00 1.00 3.85 3.61 0.00 0.00 -13.8 4.6E-06
131 900.2 9.76 10.00 1.00 3.85 3.61 -0.04 0.00 -13.9 4.6E-06
130 900.2 9.76 10.00 1.00 3.85 3.61 -0.04 -5.90 -13.5 4.6E-06
129 900.1 9.74 10.00 1.00 3.85 3.61 0.00 -5.90 -13.5 4.6E-06
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Table D-3 Ion species fractions, measured with the ExB probe, two meters
downstream of the NASA-173Mv2 at 10 mg/s from section 11.2.

Xe" species fraction
Vd IC, OC ITC ITC, ETC ETC
300 0.95 0.96 0.96 0.96
400 0.94 0.93 0.94 0.94
500 0.94 0.94 0.94 0.94
600 0.92 0.92 0.93 0.93
700 0.90 0.91 0.92 0.91
800 0.87 0.88 0.89 0.87
900 0.86 0.85 0.84 0.81

Xe** species fraction
Vd IC, OC ITC ITC, ETC ETC
300 0.04 0.03 0.03 0.03
400 0.05 0.06 0.05 0.05
500 0.05 0.05 0.05 0.05
600 0.07 0.07 0.06 0.06
700 0.09 0.08 0.07 0.08
800 0.12 0.11 0.10 0.12
900 0.12 0.13 0.14 0.16

Xe** species fraction
Vd IC, OC ITC ITC, ETC ETC
300 0.01 0.01 0.01 0.01
400 0.01 0.01 0.01 0.01
500 0.01 0.01 0.01 0.01
600 0.01 0.01 0.01 0.01
700 0.01 0.01 0.01 0.01
800 0.01 0.01 0.01 0.01
900 0.02 0.02 0.02 0.03
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Table D-4 NASA-173Mv2 telemetry during the Langmuir probe measurements
from section 11.3.

Point Vd Id Anode | Cathode IC oC ITC ETC | Vcg | Pressure
No. V) (A) | (mg/s) | (mgls) (A) (A) (A) (A) (V) | (Torr-Xe)
148 | 300.3 | 9.00 10.00 1.00 1.75 1.50 0.00 0.00 |-11.3] 4.6E-06
149 | 300.4 | 8.89 10.00 1.00 1.75 1.50 -0.54 0.00 |-11.2] 4.6E-06
150 | 300.4 | 8.88 10.00 1.00 1.75 1.50 -0.54 | -4.00 | -10.6| 4.6E-06
151 300.4 | 8.99 10.00 1.00 1.75 1.50 0.00 -4.00 | -10.9| 4.6E-06
152 400.2 | 9.32 10.00 1.00 2.50 2.26 0.00 0.00 | -12.7 4.6E-06
153 | 400.2 | 9.26 10.00 1.00 2.50 2.26 -0.36 0.00 |-12.7] 4.6E-06
154 | 400.2 | 9.25 10.00 1.00 2.50 2.26 -0.36 | -2.00 | -12.3| 4.6E-06
155 | 400.2 | 9.32 10.00 1.00 2.50 2.26 0.00 -2.00 | -12.2| 4.6E-06
156 | 500.3 | 9.49 10.00 1.00 3.00 2.20 0.00 0.00 |-13.2] 4.6E-06
157 500.3 | 9.34 10.00 1.00 3.00 2.20 -0.35 0.00 | -13.4 4.6E-06
158 500.3 | 9.42 10.00 1.00 3.00 2.20 -0.35 -5.00 | -12.7 4.6E-06
159 500.3 | 9.46 10.00 1.00 3.00 2.20 0.00 -5.00 | -12.6 4.6E-06
160 | 600.3 | 9.41 10.00 1.00 3.26 2.49 0.00 0.00 |-13.0] 4.6E-06
161 600.3 | 9.24 10.00 1.00 3.26 2.49 -0.26 0.00 |-13.5] 4.6E-06
162 600.3 | 9.35 10.00 1.00 3.26 2.49 -0.26 | -5.00 | -12.9| 4.6E-06
163 | 600.3 | 9.46 10.00 1.00 3.26 2.49 0.00 -5.00 | -12.4| 4.6E-06
164 700.3 | 9.40 10.00 1.00 3.41 3.06 0.00 0.00 |-14.3| 4.6E-06
165 700.3 | 9.53 10.00 1.00 3.41 3.06 -0.20 0.00 |-14.1] 4.6E-06
166 700.3 | 9.51 10.00 1.00 3.41 3.06 -0.20 | -5.00 | -13.8| 4.6E-06
168 700.5 | 9.54 10.00 1.00 3.41 3.06 0.00 -5.00 | -13.3| 4.6E-06
170 800.1 | 9.44 10.00 1.00 3.82 3.30 0.00 0.00 | -14.7 4.6E-06
171 800.1 | 9.55 10.00 1.00 3.82 3.30 -0.21 0.00 |-14.5] 4.6E-06
172 800.1 | 9.53 10.00 1.00 3.82 3.30 -0.21 -5.00 | -13.9 4.6E-06
175 | 900.4 | 9.61 10.00 1.00 3.85 3.61 0.00 0.00 |-13.8] 4.6E-06
176 | 900.4 | 9.72 10.00 1.00 3.85 3.61 -0.04 0.00 |-13.8] 4.6E-06
177 900.4 | 9.73 10.00 1.00 3.85 3.61 -0.04 -5.90 | -13.3 4.6E-06
178 | 900.4 | 9.73 10.00 1.00 3.85 3.61 0.00 -5.90 | -13.3| 4.6E-06
181 |1000.1] 9.71 10.00 1.00 4.36 3.81 0.00 0.00 |-14.2] 4.6E-06
182 |1000.1| 9.85 10.00 1.00 4.36 3.81 -0.16 0.00 |-13.8] 4.6E-06

183 11000.1] 9.94 10.00 1.00 4.36 3.81 -0.16 | -5.00 | -13.1 | 4.6E-06
184 |1000.1) 10.08 { 10.00 1.00 4.36 3.81 0.00 -5.00 [ -12.9] 4.6E-06

Table D-5 Plasma potential, measured with the Langmuir probe, two meters
downstream of the NASA-173Mv2 at 10 mg/s from section 11.3.

Plasma Potential (Volts from Ground)

Vd IC, OC ITC ITC, ETC ETC
300 10.3 10.3 8.2 8.5
400 11.5 11.4 10.5 10.6
500 11.5 11.5 9.4 9.7
600 12.1 12 10.2 10.3
700 12.5 12.5 10.9 11

800 12.8 12.7 11.8 -

900 13.2 13.3 11.8 11.9
1000 13.5 13.5 12.3 12.2
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Table D-6

NASA-173Mv2 telemetry during the RPA measurements from section

11.4.

Point vd Id Anode | Cathode| IC oC ITC ETC | Veg | Pressure
No. V) (A) [ (mg/s) | (mg/s) | (A) (A) (4) (4) (V) [ (Torr-Xe)
70 300.2 [ 8.86 10.00 1.00 1.75 1.50 0.00 0.00 | -11.9 4.6E-06
71 300.2 [ 8.68 10.00 1.00 1.75 1.50 -0.54 0.00 | -11.9 4.6E-06
72 300.1 [ 8.68 10.00 1.00 1.75 1.50 -0.54 | -4.00 | -11.5 4.6E-06
73 300.2 | 8.88 10.00 1.00 1.75 1.50 0.00 -4.00 | -11.5 4.6E-06
74 400.4 | 9.24 10.00 1.00 2.50 2.26 0.00 0.00 | -12.7 4.6 E-06
75 400.4 | 9.24 10.00 1.00 2.50 2.26 0.00 -2.00 | -12.7 4.6E-06
76 500.4 [ 9.38 10.00 1.00 3.00 2.20 0.00 0.00 | -13.2 4.6E-06
77 500.3 [ 9.23 10.00 1.00 3.00 2.20 -0.35 0.00 | -13.1 4.6E-06
78 500.4 [ 9.29 10.00 1.00 3.00 2.20 -0.35 -5.00 | -13.1 4.6E-06
79 500.4 [ 9.43 10.00 1.00 3.00 2.20 0.00 -5.00 | -13.3 4.6E-06
82 600.3 [ 9.53 10.00 1.00 3.26 2.49 0.00 0.00 | -13.1 4.6E-06
83 600.3 [ 9.47 10.00 1.00 3.26 2.49 -0.26 0.00 | -12.8 4.6E-06
84 600.3 [ 9.51 10.00 1.00 3.26 2.49 -0.26 -5.00 | -12.5 4.6E-06
85 600.3 [ 9.53 10.00 1.00 3.26 2.49 0.00 -5.00 | -12.7 4.6E-06
86 700.1 | 9.68 10.00 1.00 3.41 3.06 0.00 0.00 | -13.1 4.6E-06
87 700.1 | 9.62 10.00 1.00 3.41 3.06 -0.20 0.00 | -13.2 4.6E-06
88 700.1 | 9.70 10.00 1.00 3.41 3.06 -0.20 -5.00 | -12.4 4.6E-06
89 700.1 | 9.73 10.00 1.00 3.41 3.06 0.00 -5.00 | -12.4 4.6E-06
90 800.4 | 9.89 10.00 1.00 3.82 3.30 0.00 0.00 | -13.6 4.6E-06

Table D-7 Loss voltage (Vioss) from the ion voltage distribution, measured with
the RPA, two meters downstream of the NASA-173Mv2 at 10 mg/s
from section 11.4.
Vloss (VOltS)
Vd 1C, OC ITC ITC, ETC ETC
300 34 34 34 35
400 34 - - 32
500 32 33 33 34
600 32 28 28 28
700 26 27 25 24
800 25 -
Table D-8 Full-width at half-maximum (FWHM) of the ion voltage distribution,

measured with the RPA, two meters downstream of the NASA-
173Mv2 at 10 mg/s from section 11.4.

FWHM (Volts)

Vd IC, OC ITC ITC, ETC ETC
300 35 38 33 33
400 47 - - 48
500 55 55 53 49
600 75 75 73 71
700 96 92 91 93
800 105 -
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