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Nomenclature

e, = cathode mass flow rate, mg/s
g = Earth’s gravitational constant, 9.80665 m/s’ n, = neutralizer mass flow rate of gridded ion engines, mg/s
Iyeam = beam current of gridded ion engines, A Mgy = total mass flow rate, mg/s
L = discharge current of Hall effect thrusters, A Ppeam = beam power of gridded ion engines, kW
o = total specific impulse, s Pgis = discharge power of Hall effect thrusters, kW
Isp,dis = discharge speciﬁc impulse, S P;, = total thruster input power, kW
i, = anode mass flow rate, mg/s P = total power processing unit input power, kW
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T = thrust, mN

Temiic = thermionic emission temperature of a cathode insert, K
T/P = thrust-to-power ratio, mN/kW

Vieam = beam or screen grid voltage of gridded ion engines, V
Vs discharge voltage of Hall effect thrusters, V

Via spacecraft bus input voltage, V

Ndis = discharge efficiency, %

nppy = Ppower processing unit electrical energy conversion
efficiency, %

Mot = total thruster efficiency, %

I. Introduction

IGH-POWER electric propulsion (EP) systems with input
power levels greater than 10 kW are now being considered
and implemented on various space missions. This is primarily
because over the last 25 years there have been substantial advance-
ments in solar array technology in which the specific power generated
on-board spacecraft has increased from 30 to 100 W/kg [1]. Indeed,
the spacecraft manufacturing community has demonstrated a shift
toward all-electric spacecraft platforms that utilize midpower EP
systems such as the 702SP, Eurostar E3000, 1300-class, and the
ETS-9 [2-5]. In the next 5-10 years, the specific power ratio is
projected to further increase to values up to 200 W/kg with a com-
mensurate impact on spacecraft power budgets for telecommunica-
tion satellite constellations, sustainable space architectures for
human exploration beyond low Earth orbit (LEO), and deep space
exploration type missions [1]. With these larger spacecraft power
budgets, mission designers and satellite operators are well postured to
leverage the benefits of high-power EP systems. In preparation for
this, the EP community has engaged in a range of activities aimed at
characterizing the performance of high-power EP thrusters and their
supporting segments to varying degrees. In fact, the realization of
high-power EP is readily confirmed when we consider the recent
progress made by government and commercial space sector stake-
holders in the United States and abroad as they continue to support
the development and flight qualification of high-power EP systems.
In the United States, Congress unanimously approved the NASA
Transition Authorization Act of 2017 that specifically names high-
power EP as an enabling space technology for various planned space
missions. This act has motivated and sustained the development and
flight qualification of two well-known high-power EP systems: the
12.5 kW Advanced Electric Propulsion System (AEPS) and
the 6.9 kW NASA’s Evolutionary Xenon Thruster—Commercial
(NEXT-C). AEPS will serve as the primary propulsion system aboard
the Power and Propulsion Element (PPE) mission to support the
U.S.’s goal of achieving a sustainable space transportation system
between the Earth, moon, and Mars [6,7]. Additionally, PPE will
utilize four 6 kW BHT-6000 Hall effect thrusters (HETs) that provide
mission-critical capabilities and have been identified as a strategic
benefit to further commercializing high-power EP [8]. On the other
hand, the NEXT-C gridded ion engine (GIE) is the primary propul-
sion system used on the Double Asteroid Redirection Test mission,
which launched on Nov. 24, 2021. Implementation of the NEXT-C on
this mission marks the culmination of almost 20 years of research and
development on gridded ion thruster technology.

The maturation of high-power EP technology for future applica-
tions is also being pursued at an international level. In Europe, much
progress has been made toward the development of high-power HET's
and GIEs through various long-term, government-sponsored pro-
grams. For example, two 5 kW and two 20 kW HETs are being
matured to meet the needs of large satellite operators to reduce the
transfer time during electric orbit raising (EOR) [9-11]. In parallel,
the initial development of the 6.4 kW T7 GIE and flight qualification
of the well-established 5 kW RIT 2X GIE are underway to advance
their technology readiness levels (TRLs) and facilitate their use in
geostationary orbits and space exploration mission applications
[12,13]. It should be noted that these high-visibility projects are also
finding solutions to problems associated with hardware manufactur-
ability, production costs, and qualification testing of the thruster and
its supporting segments for eventual commercialization.

To achieve the practical application of high-power EP in the near
term, we must consider the thruster and all the supporting segments
necessary for its operation. At a system level, an EP thruster aboard a
spacecraft requires a cathode, a power processing unit (PPU), and a
propellant management system (PMS). Each of these segments must
be extensively characterized and undergo the same level of hardware
maturity to ensure full compatibility with its associated thruster. The
combination of the thruster, cathode(s), PPU, and PMS comprise the
EP string.

A thorough literature review identified a gap in addressing the
challenges associated with further realizing the potential of EP strings
with thruster input powers >6 kW. Petro and Sedwick conducted a
survey of midpower HETs and GIEs with maximum input power
levels of 8 and 13 kW, respectively, and their potential use on space
exploration mission applications [14]. Wollenhaupt et al. published a
review on the design and performance of arcjet thrusters ranging
between 0.02 and 200 kW [15]. In another review by Lev et al., we are
given a wholesome perspective on the various applications of low to
midpower EP strings and their projected future use [16]. Lastly, Dale
et al. identify and discuss many of the remaining challenges in EP for
a wide range of thruster technologies and provide recommendations
for future research [17]. However, none of these surveys provide a
rigorous focus on thrusters of input power levels greater than 6 kW or
discuss their evolution from prototype to flight. Furthermore, these
surveys place emphasis on the thruster and do not provide sufficient
insight on the state-of-the-art (SOA) and obstacles associated with
maturing the cathode, PPU, and PMS segments. Thus, we believe that
such a review is necessary to meet the space sector’s growing interest
in the high-power EP regime.

In this work, we define high-power as an EP thruster that requires
input electrical power values of 6 kW or greater. The total input power
P;, is the main parameter for this review as it is commonly used by the
EP community to identify the power requirements to achieve a
particular performance profile in thrust 7 and total specific impulse
I, Our review found a total of 46 high-power electrostatic and
electrothermal devices of different technology maturity levels that
have been developed since the 1980s. Of the 46 thrusters identified,
less than a third of them are supported by active research and develop-
ment campaigns focused on thruster performance characterization.
The rest of the EP devices were developed as lab prototypes to
demonstrate proof-of-concept and/or study plasma phenomenology
with limited or no plans of transitioning into an EP string. Presently,
three high-power thrusters are being flight qualified as fully inte-
grated EP strings for government space applications. Furthermore,
only one high-power EP string >6 kW has ever flown. Thus, we note
a disparity between high-power EP thrusters and their ability to
achieve EP string or flight qualification status. To this end, we aim
to identify as many high-power EP strings as possible, beginning with
the thruster segment and moving on to the cathode, PPU, and PMS
segments required for space flight operation.

The main objective of this review paper is to identify the gaps in the
current SOA of high-power EP strings that meet the criteria of
P;,>6 kW. In Sec. II, we define the scope of high-power EP types
reviewed in this paper. We break down the EP string architecture into
four segments and define their respective SOA. In Sec. III, we provide
the reader with a brief overview of midpower EP strings in the range
of 1-5 kW with flight heritage as they serve as the natural starting
point for enabling the high-power regime. In Sec. IV, we present a
high-level summary of the performance and hardware maturity level
of all the electrostatic and electrothermal high-power thrusters iden-
tified, among other technical details. As a complement to Sec. IV, we
tabulate the nominal and demonstrated performance range of each
thruster for a variety of parameters, such as input power, thrust,
specific impulse, total efficiency, and more along with references in
the Appendix. In Sec. V, we introduce the high-power EP strings in
development as of 2021, and the corresponding cathode, PPU, and
PMS segments along with their respective performance metrics. The
hardware maturity and qualification state of all segments of the EP
string in the high-power regime are assessed when applicable. In
Sec. VI, we share some insight and discussion points regarding recent
programmatic and technological advances we believe to be vital
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in enabling the development of high-power EP strings. Finally,
in Sec. VII, we identify critical gaps in the current SOA and offer
recommendations, when possible, to serve as a vector for the EP
community to follow in order to realize the potential of high-power
EP for future space applications.

II. Scope and Definition of SOA High-Power EP

In this section, we discuss the scope of thrusters reviewed and
define the four segments of the EP string. We restrict our review to
only electrostatic and electrothermal EP types and briefly explain our
exclusion of electromagnetic devices. Following this discussion, we
decompose the EP string into the thruster, cathode, PPU, and PMS
segments and provide a short description of each along with qualities
that define their SOA. The objective of this section is to orient the
reader with the vocabulary and terminology used throughout this
paper and provide a clear definition of SOA.

A. Scope of EP Types Reviewed

The EP string is typically categorized by the thruster’s total input
power P;, and the plasma acceleration mechanism employed. The
acceleration mechanisms are generally grouped into three thruster
types: 1) electrothermal, 2) electrostatic, and 3) electromagnetic.
Detailed descriptions of each type can be found in the works of Jahn
[18] and Goebel and Katz [19]. In this paper, the scope of EP strings
reviewed was limited to electrothermal and electrostatic EP types.
This is primarily due to their growing flight heritage in recent LEO
and geostationary equatorial orbit (GEO) missions utilizing EP for
EOR and station-keeping [16]. Electrothermal devices such as arcjets
and resistojets have been widely used since the early 1980s for
station-keeping maneuvers. Their proliferation to the commercial
sector was mainly due to their competitive pricing and simplicity in
integration and on-orbit operations. Electrostatic thrusters offered
higher system efficiency and constant thrust operations, making EOR
and in-orbit station-keeping maneuvers a more practical option for
large satellite operators. Both EP thruster types have significant flight
heritage in a diverse range of space applications with fully charac-
terized cathode, PPU, and PMS segments.

Electromagnetic thruster types are not included in this review due
to their lower technology maturity levels and limited experience in
EP string integration testing. Significant research has been conducted
on devices such as pulsed plasma thrusters (PPTs), pulsed inductive
thrusters (PITs), field-reversed configuration (FRC) thrusters, and mag-
netoplasmadynamic thrusters (MPDTs). High-power electromagnetic
devices such as steady-state applied-field (AF) MPDTs exist in the
hundreds of kilowatts levels and have been tested on various types of
propellants other than xenon [20]. Indeed, Kodys et al. provide a
development timeline of MPDTs dating back to the 1960s [20]. Notable
AF-MPDT research and development programs in the 100 kW class as
of 2019 include the MAT-100 [21], SX3 [22], and the AF 2D-MPD
[23]. Accurate characterization of the performance of such high-power
devices remains a challenge due to the elevated facility operational
pressures above the 0.05 Pa requirement, severe degradation rates of the
cathode, and thermal loading on magnetic coils and other thruster
components when operating at steady state [22]. However, the authors
of this paper acknowledge that much progress has been made in recent
years in addressing such challenges as discussed by Boxberger et al.
[24]. AF-MPDT’s may be operated in different modes to achieve
competitive performance profiles in thrust and total efficiency while
mitigating the various challenges associated with this thruster technol-
ogy type. For example, the SX3 was operated in the hybrid Hall-effect
centric acceleration mode producing 2.75 N of thrust, /. o of 4665 s, and
a thrust efficiency of 62% at a discharge power of 101.5 kW and facility
pressure of 0.4 Pa [24]. Additionally, lanthanum hexaboride (LaBg)
hollow cathodes have been used in relatively low-power MPDT appli-
cations of up to 8.6 kW demonstrating proof-of-concept as shown in
[24,25]. Recent advancements in superconducting, high-temperature
coil technology also have the potential of reducing the structural mass
and input power required for generating the external magnetic fields.
Thus, optimizing between the various operational modes, the use of

high-amperage LaB¢ hollow cathodes, and superconductor technology
make AF-MPDTs a promising technology for high-power EP strings.

High-power PITs, FRCs, and PPTs remain relatively technologi-
cally immature compared to electrostatic and electrothermal high-
power EP devices. The first notable high-power PIT prototype, the
PIT MkV, was introduced in 1993 with performance levels with
performance around 20 kW [26]. A more recent paper reviewing
the current SOA in PITs is given in [27]. However, high-power PITs
are limited by the current SOA in electrical energy storage and
switching technology [27-29]. FRCs originally developed in the
United Kingdom in the 1960s are designed for an input power range
of 10-100 kW, but thruster performance characteristics such as thrust
and specific impulse have never been collected [30,31]. PPTs are a
compelling option for the SmallSat community, given their simplicity
in solid propellant ablative technology. Still, they remain at a rela-
tively low maturity level in the high-power regime with few perfor-
mance metrics as reported by Kazeev and Kozlov [32]. These factors
combined make MPDTs, PITs, FRCs, and high-power PPTs less
practical than the other types of EP thrusters reviewed in this paper.
From this base, we define our scope to be only high-power electro-
static and electrothermal EP devices and strings.

B. Overview of the EP String Architecture

In this paper, an EP string is defined as the ensemble consisting of
the thruster, cathode, PPU, and PMS. An EP system includes the EP
string, propellant storage tanks, deployment mechanism, and thrust
vector orientation controls such as multi-axis gimbals. The objective
of this subsection is to provide the reader with a technical definition of
the four segments and the qualities that define them as SOA. Figure 1
provides the reader with a high-level schematic of the four EP seg-
ments and their interfaces [33]. The figure serves as a visual aid as we
address the different segments of the EP string. In the following
subsections, each EP segment is described, and the qualitative met-
rics that define them as SOA are presented.

1. Thruster

The thruster is the electromechanical device whose function is to
convert the total input electrical power, P;,, into jet power, thereby
producing thrust. The function of the thruster is to increase and
convert the potential energy of the propellant into useful kinetic
energy for momentum transfer. Depending on the thruster type, the
potential energy of the propellant can be the total stagnation enthalpy
of the gas or the electric potential energy of the plasma.

Electrothermal devices input electric energy via heating elements
or a steady discharge plasma to raise the stagnation enthalpy of the
propellant. The supplemented enthalpy of the working fluid is then
converted into kinetic energy as the propellant expands through a
nozzle. Resistojets and arcjets are both examples of electrothermal
devices and are adequately described by Jahn [18].

Electrostatic thruster operation can be divided into three stages:
1) plasma generation, 2) ion acceleration, and 3) beam neutralization.
In the first stage, the electronic energy state of the propellant must be
elevated from the ground, neutral state to an excited, net positive
charge state through a process called ionization. Typically, ionization
occurs collisionally when neutral gas particles collide inelastically
with highly energetic electrons. For the neutral particle to become an
ion, the energy exchange during this collision must be equal to or
greater than the first electronic energy level of the atom or particle.
For xenon, the first electronic energy level is about 12.1 eV. Propel-
lant ionization is achieved through various physical mechanisms, as
outlined in Chapter 4 by Jahn [18]. In the second stage, external
electric fields are used to accelerate the ion in a specific direction to
produce thrust. In GIEs, a series of electrically biased grids are used to
extract and accelerate the ions from the discharge chamber out of the
thruster. In HETSs, an electric potential drop between the anode and
the local plasma potential near the exit plane serves as the accelerat-
ing electric field. The third stage consists of neutralizing the
exhausted ion beam using electron sources called cathodes. The final
stage is important to mitigate spacecraft—plasma plume interactions.
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An SOA high-power thruster is one that has achieved the following
requirements. First, the thruster has been operated at P;, > 6 kW and
its performance measured in vacuum facilities capable of maintaining
adequate pressure levels. At a minimum, performance measurements
of thrust, specific impulse, mass flow rates, currents, and voltages are
reported in publicly available resources. Second, a thruster must have
demonstrated cumulative operation of 50 h or more proving sustain-
ability in performance. Lastly, the thruster must have completed one
or more flight qualification tests imposed by relevant industry stan-
dards that address mechanical, thermal, and/or electrical mission
requirements. We note that high-power thrusters undergoing flight
qualification will satisfy these and many more stringent requirements
and thus are automatically considered SOA in this paper.

2. Cathodes

Cathode and neutralizers function as electron sources for gas
ionization and plume neutralization downstream of the thruster exit
plane. Thermionic hollow cathodes developed in the late 1960s are
commonly used in EP systems today [34,35]. The operating principle
of a hollow cathode is based on sufficiently heating a special insert,
called the emitter, up to its thermionic emission temperature T,;, (the
temperature at which energetic electrons escape the emitter surface).
The two most common emitters used in hollow cathodes are barium-
oxide-impregnated tungsten (BaO-W) or lanthanum hexaboride
(LaBg). The BaO-W emitter is composed of a porous tungsten solid
impregnated with earth metal oxide compounds like barium oxide,
calcium oxide, and aluminum oxide. The LaB¢ emitter consists of
press-sintered lanthanum hexaboride powder [36]. Heat addition in a
thermionic hollow cathode may be supplied one of two ways:
1) through an electrically resistive element called the cathode heater
or 2) via a sustained discharge between the keeper and cathode body
electrodes. The latter of the two methods is called a heaterless
cathode, which is a recent and growing technology. Cathodes must
generate the electrical currents required to maintain ionization and/or
neutralization processes during nominal thruster operation. Goebel
and Katz provide a detailed overview of the theory of hollow cathode
operation in [19].

Cathodes are utilized differently depending on the EP thruster
type. In DC discharge GIEs, two cathodes are utilized to support
separate functions: propellant ionization and ion beam neutralization.
First, a discharge cathode that resides inside the thruster’s discharge
chamber emits electrons necessary for propellant ionization. These
electrons are magnetically confined using either permanent magnets
or electromagnetic coils to enhance ionization efficiency [37]. The
second cathode, called the neutralizer, is externally mounted down-
stream of the GIE grid assembly and neutralizes the exhausted ion

Fig. 1 Visual schematic of the EP string consisting of the thruster, cathode, PPU, and PMS segments.

Thruster

beam. Radiofrequency (RF) GIEs do not require a discharge cathode
because propellant ionization is achieved via a time-varying electro-
magnetic field inside the thruster’s discharge chamber and only use
an externally mounted neutralizer. In HETSs, a cathode mounted
outside of the discharge channel, facing the plasma plume, supports
both ionization and beam naturalization. A fraction of the HET’s
discharge current /g is utilized for propellant ionization while the
rest is utilized for HET plume neutralization.

We note to the reader that the cathode segment is inherently part of
the thruster and not a separate component. All electrostatic devices in
this review paper must utilize a cathode to operate in the space
environment. Both the thruster and cathode segments are codevel-
oped and operated together during performance characterization of
EP strings. We may at times discuss the thruster and cathode inde-
pendently, but it is implied that they are inextricably linked based on
the operating principles of EP devices.

An SOA high-power cathode segment is one that satisfies the
following requirements. First, the cathode must have been operated
at the discharge or beam currents required by their respective high-
power thruster in a relevant test environment at P;,> 6 kW. Second,
the cathode’s emitter material properties must have been well char-
acterized and compatible with the propellant of the thruster. Third, the
cathode must have completed one or more flight qualification tests
imposed by relevant industry standards that address mechanical,
thermal, and/or electrical mission requirements.

3. Power Processing Unit

The function of the PPU is to provide all the power conditioning
and logic necessary to operate, control, monitor, and protect the EP
string during nominal thruster operation. As shown in Fig. 1, the PPU
interfaces directly with the spacecraft bus and conditions spacecraft
power to meet the input power requirements of the thruster and its
supporting segments. In general, the PPU must supply power to
support five tasks: 1) thruster electrode operations, 2) PMS valve
and flow controls, 3) cathode(s) operations, 4) EP string health
monitoring and control, and 5) spacecraft bus communications for
EP string commanding and telemetry relay. To do this, the PPU
physically connects to the spacecraft’s low- and high-voltage power
distribution buses and conditions the available power to supply
regulated electrical energy necessary to operate the EP string. The
low-voltage bus is typically regulated between 22 and 34 V and is
mainly used to power PPU electronics, routine housekeeping func-
tions, sensor telemetry, and other low-power EP string elements such
as the PMS and its components. The high-voltage bus serves as the
primary energy source for thruster operation. For heritage NASA
deep space missions, the high-voltage bus ranges between 80 and
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160 V, while standard spacecraft buses used by industry are 36, 70, or
100 Vand typically regulated within &2 V. For telecom satellites that
offer only one common 100 V power bus, the PPU must internally
regulate and output the power necessary to support both thruster and
low-power EP string operations. The PPU uses isolated DC/DC
converters to efficiently step up the supplied spacecraft bus voltages
to the voltages and currents necessary to operate the EP device.

The total PPU input power P, is the net electrical energy
consumed by the PPU for thruster operations. The PPU converts
this input power to the voltages and currents required to operate
the thruster. The total input power to the thruster, P;,, includes all
the electrical energy necessary to create, sustain, and accelerate the
plasma. In HETSs, P;, consists of the discharge power Py between
the anode and cathode, power delivered to the electromagnetic coils,
and, if used, power to the cathode heater element and keeper elec-
trode. In GIEs, P;, consists of the beam power Py, between the
discharge chamber anode and the neutralizer, power to sustain the
plasma inside the discharge chamber, power to auxiliary grids such
as the accelerating and decelerating grids, and if used, power to
electromagnetic coils. In arcjets, P;, is the electric power needed to
sustain a steady discharge between the nozzle electrode and coaxially
mounted cathode. Often, the discharge power, Py = Vgislgis, for
HETs and arcjets or the beam power, Ppeam = Vbeam!beam» fOr GIEs is
presented in the literature as they consist of >85% of P;,. Ultimately,
we use 1jppy = Pjn/ Py to measure how efficient the PPU converts
the available spacecraft energy to meet the total input power demands
of the thruster.

The power to the PMS segment includes power to operate electro-
mechanical components such as pyrotechnic vales, solenoid valves,
proportional control or chopping valves, pressure regulators, and
heaters that maintain mass flow rates. Power to the cathode (or
neutralizer) segment is composed of two circuits: 1) a DC power
supply energizing a resistive heating element with respect to the
cathode body and 2) a current source in series with the keeper
electrode with respect to the cathode body. Power to the cathode
and keeper are usually observed during thruster startup operations.

In addition to electrical power functions, the PPU also serves as the
communication interface between the spacecraft’s command and
data handling subsystem and the EP string. In this role, the PPU uses
various sensors to monitor, control, and implement fault detection,
isolation, and recovery (FDIR) commands to recover nominal
thruster operations [6,38,39]. The PPU receives, consolidates, and
transmits EP string telemetry during thruster operations to the space-
craft’s command and data handling subsystem [6,40]. Communica-
tion with the string is typically executed via a MIL-STD-1553B bus;
however, other bus architectures such as SpaceWire and Controller
Area Network (CAN) may also be used depending on data trans-
mission speed, power, and budget requirements.

Various flight PPUs have been developed by both thruster manu-
facturers and the commercial space sector to support the midpower
regime as discussed in Sec. III. Typically, the PPU is uniquely
designed and manufactured for an EP device to support specific
throttle points, defined as a specific set of discharge or beam voltages
and currents, with #ppy in the 90% range.

An SOA high-power PPU is defined as having achieved the
following requirements. First, the PPU must have demonstrated
performance in supplying input powers >6 kW to all the segments
of the EP string in a relevant test environment. Second, PPU perfor-
mance measurements consisting of energy conversion efficiency,
output currents and voltages to the thruster, and associated instabil-
ities must have been reported. Lastly, the PPU must have completed
one or more flight qualification tests imposed by relevant industry
standards that address mechanical, thermal, and/or electrical mission
requirements.

SThis power is either the power to support discharge cathode operations in
DC discharge-type GIEs or RF generator power in RF-type GIEs.

4. Propellant Management System

The function of the PMS is to supply the thruster with the correct
amount of neutral gas required for ionization and beam neutraliza-
tion. The PMS is propellant specific and can be decomposed into two
sequential operations: pressure regulation and flow control. As
shown in Fig. 1, the PMS interfaces directly with the high-pressure
propellant storage tank typically 2175 psia and above [41,42]. Pres-
sure regulation is required to reduce the high pressure in the storage
tank down to the operating pressures of the various electromechanical
devices that enable flow control downstream. Usually, high-pressure
regulation in the PMS segment is achieved through a traditional
mechanical pressure regulator or a “bang-bang” solenoid valve and
plenum assembly [33,43]. After the pressure has been regulated, low-
pressure flow control is implemented either actively or passively to
supply the nominal mass flow rates of gas to the thruster and cathode
segments within a prescribed uncertainty. Active flow control con-
sists of using a closed feedback loop based on the measured /g,
Tieam OF setpoint offset as measured by flow sensors near the inlet of
the thruster/cathode segments. Passive flow control uses compress-
ible flow concepts to size flow restrictors to choke the gas flow at the
nominal flow rates required. In addition to this, solenoid and/or latch
valves are included throughout the PMS to ensure flow isolation
between various plumbing sections. Lastly, micron filters are utilized
at multiple points in the PMS to remove any contaminants trapped
inside the propellant lines inherent from assembly, integration, and
processing. Usually, EP string developers qualify the pressure regu-
lation and flow control hardware separately. As Snyder et al. outlined
in [33], several different PMS architectures have flown as part of
various low and midpower EP systems.

An SOA of PMS segment in the high-power regime is defined by
the following qualities. First, the PMS must be able to supply the flow
rates required to operate thrusters at input powers >6 W. Second, the
performance of the PMS segment indicating high-to-low pressure
regulation and active flow control must have been measured. Third,
the PMS must be compatible with the propellants used on the thruster.
Lastly, the PMS must have completed one or more flight qualification
tests imposed by relevant industry standards that address mechanical,
thermal, and/or electrical mission requirements.

III. Flight-Qualified EP Systems Near
the High-Power Regime

This section provides a brief overview of the flight-qualified EP
systems operating near the high-power regime and their use in space
architectures today. The EP community has produced a variety of EP
systems in the midpower regime, 1-5 kW, with well-characterized
performance to support the changing needs of stakeholders in the
space sector. However, our literature review indicates that only one
EP string greater than 6 kW has flown while only a few others have
embarked on formal flight-qualification test campaigns. Therefore,
we find it useful to introduce the six fully integrated EP systems
operating in the midpower regime that have completed a formal flight
qualification program and demonstrated on-orbit performance.
These systems were selected based on their operating conditions near
the 6 kW input power level, frequency of use since the 2000s, and/or
their function as a baseline design for a high-power thruster counter-
part. The six midpower EP systems operate between 0.46 and 4.5 kW
discharge/beam power and are given in Table 1. The nominal operat-
ing points of each EP system are mission specific and typically target
either a high-thrust mode for EOR or high-I, mode for station-
keeping maneuvers. Included in this table are the EP system’s
thruster, EP device type, nominal discharge/beam power(s), primary
developers, the number of satellites incorporating the EP system, and
the notable mission and year that established its status within the EP
community. We also include the orbit type, which is either GEO or
science-based missions requiring a unique orbit trajectory (SCI). The
authors of this paper believe that these EP systems will serve as the
baseline in further enabling high-power EP.

Understanding how the six EP systems evolved from prototype to
flight serves as an indicator for the continued development of the
high-power thrusters in Sec. IV. The main observation from Table 1 is
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Tablel Midpower EP systems with flight heritage in ascending Py;s or Py,
EP system thruster ~ Type  Puis OF Poeam, kKW Developers No. of satellites (orbit) Notable mission (year) References
PPS®1350? HET 0.46-1.19 Fakel/Safran 2 (SCI) SMART-1 (2003) [16,44]
SPT-100° HET 1.35 Fakel, Fakel/Maxar 84 (GEO) Gals 1 (1994) [16,45]
MBSAT (2004)
XIPS-25 GIE 1.7,3.7¢ L-3 ETI/Boeing 35 (GEO) Galaxy XI (1999) [16,46,47]
T6 GIE 2-4¢ QinetiQ 1 (SCI) BepiColombo (2018) [48,49]
SPT-140¢ HET 3,45 Fakel/Maxar, Fakel/Airbus DS 5 (GEO) Telstar 19 VANTAGE (2018)  [4,16,50,51]
Eutelsat 172B (2017)
XR-5 HET 3,45 Aerojet Rocketdyne 7 (GEO) AEHF-1 (2010) [16,52,53]

2PPS®1350 was qualified at two different nominal input powers up to 1.5 kW. The values shown here are based on the throttled performance demonstrated on the SMART-1 mission.
"SPT-100 was initially qualified in Russia and first flown on the 1994 Gals 1 mission and then qualified to Western standards as part of a joint effort between Fakel and Maxar (formerly

known as SS/L).
¢Calculated based on reported values.

9SPT-140 prototype models were initially developed in Russia as a high-power alternative for Western spacecraft manufacturers. Both Maxar and Airbus collaborated with Fakel to qualify

and fly SPT-140 variants on their GEO platforms.

that all thrusters are scaled-up versions of their lower power counter-
parts. The SPT-100 was the next-generation upgrade to the low-
power SPT-70 EP system that was mainly used for orbit insertion
and east—west station-keeping of Russian GEO satellites [54]. The
SPT-100 served as the baseline design for both the PPS®1350 and
the SPT-140. The PPS®1350 HET was derived from the SPT-100 in
the mid-1990s but implemented a new magnetic field topology,
cathode design and location, and overall mechanical design essen-
tially improving performance and lifetime [55]. Originally,
PPS®1350 was qualified to a discharge power of 1.5 kW but ulti-
mately flew as a variable input power thruster on the SMART-1
mission [44,55]. The PPS®1350 is the baseline for three subsequent
thruster versions as well as the 5-kW-class PPS®5000 Hall thruster.
The 4.5 kW SPT-140 leveraged much of the extensive flight heritage
of the SPT-100’s, primarily used for north—south station-keeping
activities and momentum wheel unloads, to support a wider perfor-
mance range targeting EOR operations [50]. The scaled-up SPT-140
uses a conceptually similar PMS segment but a higher current
cathode and newly designed PPU [50]. The T6 design is based on
the 700-W T5 engine and also demonstrated variable thrust perfor-
mance in the beam power range of 2.1-3.5 kW on the BepiColombo
mission [56,57]. Similarly, the XIPS-25 is the high-power successor
of the 300-W XIPS-13 with a modified PPU, all other segments the
same [47,58]. The XIPS-25 was qualified at two operational beam
power modes, 1.7 and 3.7 kW, to support on-orbit station-keeping
and orbit insertion operations [59]. Finally, the XR-5 HET is the
culmination of a series of midpower qualification tests ranging from
1.7 to 4.5 kW based on the performance of the BPT-1, BPT-2000, and
the BPT-4000 [60,61].

Table 1 confirms that the maximum power of flown electrostatic
devices is limited to 4.5 kW. In contrast, the high-power thrusters
discussed in the next section scale up to 100 kW, suggesting a large
disparity between what the community has flown versus what has
been tested in vacuum test facilities. This gap will be addressed in
detail in Sec. VII.

Next, we introduce the midpower-class cathodes with flight her-
itage in Table 2. The table includes the cathode name or function,
associated thruster from Table 1, cathode discharge current (/)

range, emitter material, ignition method, and developer. For the
emitter materials listed, we used the abbreviations defined in Sec. II.
Table 2 reveals that only heater-based cathodes primarily consisting
of BaO-W emitter material have flown. Furthermore, we observe that
the maximum /g flown is 18 A and corresponds to the discharge
cathodes used in the XIPS-25 and T6 GIEs. In addition, each of these
cathodes was paired with the thruster early in development phase and
matured together through flight qualification. On this basis, we
identify a gap in the ability of midpower cathodes to readily support
high-power EP thrusters, specifically HETs. Our review found the
average discharge currents demonstrated on high-power HETSs to be
22 A for 6-9 kW, 34 A for 10-18 kW, 39 A for the 25 kW class, and
more than 88 A for >30 kW thrusters. We also learned that much
work is being done on characterizing high-current LaB¢ cathodes as
well as heaterless ignition methods for high-power EP applications.
These findings are discussed further in Secs. V and VI.

The midpower PPUs with flight heritage are shown in Table 3. The
information presented in Table 3 is based on the relevant performance
metrics discussed in Sec. II and is as follows: PPU segment name,
supported thruster(s), nominal discharge/beam power range, dis-
charge voltage range for HETs (V;), screen grid voltage range for
GIEs (Vyeam), discharge current range for HETS (1), beam current
range for GIEs (/peanm ), spacecraft bus input voltages (V,), total mass,
efficiency, and primary developer(s).

The main observation we make of midpower PPUs with flight
heritage is that they are designed to support specific thruster operat-
ing conditions with respect to the available spacecraft bus power.
Based on the data collected, a spacecraft bus input voltage of 100 V
DC is a common design point for commercial PPU developers.
However, as the available power onboard a spacecraft change, PPU
developers must modify and requalify the PPU segment to support
the new input voltages. This is readily evident based on PPU Mk1 and
the XR-5 PPU, both requalified for lower input voltage buses to
support different satellite power buses [65,60]. Power conversion
efficiencies #ppy for the PPUs in Table 3 are all greater than 90%. The
mass of the PPU is generally larger for GIEs as they contain more
electronics to support more power supply functions than HETs and
operate at higher voltages that results in more complex and heavier

Table 2 Midpower cathodes with flight heritage in ascending 74;,

Cathode Thruster Lais, A Emitter material Ignition method Developer References
Neutralizer T6 1-2.2 BaO-W Heater QinetiQ [35]
Neutralizer XIPS-25 1.5-3 BaO-W Heater L-3ETI [35]
KN-3 SPT-100 4.5 LaBg Heater Fakel [35]
K1, K2 PPS®1350-G 2.1-3.8 LaBg Heater Safran/Fakel [35,55]
_— SPT-140 3-15 LaBg Heater Fakel [35]
HCA* XR-5 5-15 BaO-W Heater Aerojet Rocketdyne [62]
Discharge T6 5-18 BaO-W Heater QinetiQ [35,57]
Discharge XIPS-25 7.6, 18 BaO-W Heater L-3 ETI [35,63]

“HCA was initially tested on the BPT-4000 thruster, which was eventually renamed XR-5 [64].
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Table3 Midpower PPUs with flight heritage in ascending Pg;s or Pypc.n
Pdis or Vdis or Idis or

PPU name Thruster Preams KW Vieams V' Theams A Vin, V. Mass, kg 1ppus % Developers References
PPU-100 SPT-100 1.35 300 4-5 100 7.5 90.8 Maxar [38,68]
PPU Mkl PPS®1350-G, SPT-100 1.5 220-350 345 50/100 109  91/92 Thales Alenia Space Belgium [65,69]
36 VPPU XR-5 3 300, 400 7.5, 10 36 <19 >90  Aerojet Rocketdyne/Northrop Grumman [66]
XPC XIPS-25 1.7,3.7° 1215 1.43,3.01 100 21.3 91/93 L-3 ETI [47]
PSCU T6 2.14 1850 1.1-2.2* 100 23 92-95 Airbus DS Crisa [43,69,70]
HTPS PPU XR-5 2-4.5 150-400 5.6-15 70 12.8 >94  Aerojet Rocketdyne/Lockheed Martin [71,72]
PPU-140 SPT-140 3,45 300 10, 15 100 15 94 Maxar [43,50,73]
PPU" Mk3 SPT-140D, PPS®5000 1.5,4.7 100400 2-15.5 100 18.6 >94.5 Thales Alenia Space Belgium [65]

“Calculated based on reported values.

"PPU Mk3-demonstrated performance during the flight qualification test campaign is presented.

power converters. By inspection we see that midpower HET PPUs
have been flight-qualified up to a maximum Vg, of 400 V and a
maximum /4, of 15 A while midpower GIE PPUs have been flight-
qualified up to a maximum Vi, of 1850 V and maximum /y,,, of
3 A. These metrics will prove to be limiting factors for the high-power
regime in Sec. IV as they have discharge/beam power requirements as
high as 800 V/80 A for HETs and 4740 V/4.1 A for GIEs.

Commercial developers have embarked on flight qualification test
campaigns of other PPUs in addition to the hardware captured in
Table 3. Bourguignon and Fraselle share their efforts in qualifying
and testing the PPU Mk2, the successor to PPU Mk 1, compatible with
the SPT-100 and PPS®1350 with a maximum discharge power of
2.5 kW [65]. They also introduce the PPU Mk3 along with its full
performance range as it was designed to interface with the growing
portfolio of HETSs of discharge powers up to 5 kW [65]. As another
example, Pint6 et al. are developing the Elektro, a PPU compatible
with various 5-kW-class HETs, and a highly modular PPU for GIEs
in the midpower regime [67].

Table 4 lists the PMS segments supporting midpower EP systems
with flight heritage. The information provided in Table 4 consists of
PMS segment name, corresponding thruster, anode flow rate range as
it constitutes >90% of the total flow rate, the pressure reduction ratio
denoted as reservoir storage tank pressure to flow control unit pres-
sure, compatible propellants, and primary developer(s). As described
in Sec. II, the PMS is often decomposed into a pressure regulation
unit and flow control unit. For this reason, in the first column of
Table 4, the PMS segment name is given by the pressure regulation
name first, followed by the flow control unit.

We highlight a few trends based on Table 4. First, the maximum
anode flow rate demonstrated on-orbit is at most 20 mg/s on xenon.
This maximum flow rate corresponds to the midpower HETS, as
expected. Second, although the pressure reduction ratio is generally
larger for HETS, most flow controllers required a regulated input
pressure of about 37 psia. Lastly, only xenon-compatible flow
controllers have flown. Together with the performance data of high-
power thrusters presented in the Appendix, these trends suggest that

midpower PMS segments with flight heritage cannot readily support
high-power EP operations. For example, 20-kW-class HETs demon-
strate an average n1, of 34 mg/s, whereas HETs > 47 kW exhibited
an average 1, of 97 mg/s on various propellants, such as krypton,
iodine, and bismuth. Overall, the main observation we make in this
section is that all the midpower EP systems and many of their segments
are scaled-up versions of their respective lower power counterparts.
Thus, in terms of flight-qualifying high-power EP strings, a lower
power design baseline facilitates the process. We also note that flying
midpower EP systems >4 kW is a relatively new concept with
the first flight in 2010 with limited in-flight experience available in
the public domain. Moreover, cathode, PPU, and PMS segments in the
midpower regime cannot readily support many of the high-power EP
devices identified in this review. Thus, an equivalent level of effort is
required in developing and maturing these segments for operation in
the high-power regime. In the remaining sections of this paper, we will
direct our focus to the current SOA of high-power EP strings. We start
with the thrusters and lead into the string addressing the corresponding
cathode, PPU, and PMS segments when possible.

IV. Current SOA of High-Power EP Thrusters

Historically, the development of many EP strings began with the
design and testing of the thruster and cathode segments with little
consideration of the PPU or PMS. Once the thruster and cathode
design achieved an adequate level of maturity in performance, the
development of the supporting segments at the breadboard level
followed. Conforming to this order, we begin this section by first
introducing all the high-power electrostatic and electrothermal
thrusters that have demonstrated performance with P;, > 6 kW.
We describe the data collection methodology employed throughout
the literature review process in determining the nominal and demon-
strated performance range for each thruster. We then share general
performance trends of thrusters in the high-power regime and deter-
mine their hardware maturity and qualification state. The objective of

Table4 Midpower PMSs with flight heritage in ascending m,

Pressure reduction ratio, Compatible

PMS names Thruster ., mg/s psia/psia propellants Developer(s) References
HPRS, FCU T6 0.8-3 2175/36 Xe Astrium, Moog Bradford [36,74]
BPRU, XFC PPS®1350-G 3.9-4.540 2175/29 Xe Safran/IberEspacio, N/A [44,75]
50-741° XIPS-25 2.4,4.84 2175/37 Xe Moog [76,77]
PMA, XFC-100 SPT-100 5.1* 2000/37 Xe Moog, Fakel [38,68,78]
N/A, XFC XR-5 8.4-14.8 2700/37 Xe Lockheed Martin, Moog [52,79]
PMA, XFC-140 SPT-140 10.7,15.1 2700/37 Xe Moog, Fakel [80-82]
PMA, XFC XR-5 6-20° 2700/37 Xe Moog, Moog [66]

“Calculated based on reported values.

"XFC total mass flow rates were not directly measured during the SMART-1 mission but can be estimated from thrust and I o flight data.
¢After pressure regulation, flow control on XIPS-25 is achieved passively using flow restrictors.

dTotal flow rates for the XIPS-25 are presented.
Only the full range of the XFC from the qualification test campaign is shown.
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this section is to acquaint the reader with the high-power thrusters in
this review, and set up the transition to EP strings discussed in Sec. V.

A. Data Collection Methodology

The list of high-power thrusters in this review was generated based
on publicly available information disseminated by academic research
groups, commercial organizations in the space industry, and govern-
ment space programs. Only thrusters at a breadboard maturity level
with initial performance data reported via a publicly available
resource are considered in this paper. The performance metrics of
total thruster input power P;,, thrust 7, total specific impulse 7, and
total efficiency 7, were collected for each thruster at a steady-state,
nominal operating condition. Typically, a thruster’s nominal operat-
ing condition, also known as throttle or design point, is defined by its
developer to meet specific mission requirements. For EP strings
undergoing flight qualification, throttle points are explicitly defined
in a throttle table such as high-thrust or high-Ig, mode. For simplicity,
we report the nominal total input power throttle point and tested
performance range in this paper. When the total input power is not
available, we report the discharge/beam power. In most cases
throughout our literature review, a thruster’s performance was char-
acterized over a range of operating conditions in which Vg, Vieam,
Liss Toeam»> Mgq, M., grid assembly voltages, and/or electromagnetic
coil currents were varied. In these instances, we used our best
judgment to select a nominal operating condition using the context
provided in the corresponding references but generally selected the
maximum power performance point.

For cases where only some of the performance metrics are pro-
vided, Egs. (1) and (2) were used to determine missing parameters.

r (L
ot = 2’/’.’l{otl')in
T
Iy =~ @)
M8

In Egs. (1) and (2), ri1, is the total mass flow rate supplied to the
thruster during nominal operations. For HETS, 7, is the sum of the
anode and cathode flow rates. For GIEs, 1, is the sum of 111, 11, and
neutralizer, 7, flow rates. In Eq. (1), Py, is the total thruster input
power as defined for each device type in Sec. II. The resources
leveraged during this review primarily consisted of proceedings of
the International Electric Propulsion Conference (IEPC) and the
AIAA conferences, white papers found in manufacturer websites,
doctoral dissertations, and journal publications.

B. High-Power EP Thrusters

A total of 46 high-power EP thrusters have been identified as being
developed to a breadboard hardware maturity level or greater and
tested. The period of electrostatic and electrothermal type high-
power thrusters begins in 1978 and is on-going. Thrusters have been
developed with nominal input powers ranging between 5.65 and
200 kW. Many of these thrusters were tested over a range of input
powers demonstrating breadth in thrust and total specific impulse
performance. Multiple propellants were used to test high-power
devices such as xenon, krypton, bismuth, and iodine; however, xenon
was the primary option for 43 thrusters. Table 5 offers a summary of
nominal performance range in T, I, and 7, for all the high-power

Table 5 Range of nominal high-power EP thruster performance®

EP type Pin, kKW T, mN I, s ot %0
HET 5.9-98.7 290-5420 1120-3472 57-67
Arcjet 9.8-100 568-4000 400-1400 14-37
GIE 5.7-20.8 175-446 3555-7650 68-78
Other 10-200 332-5800 3154-4900 51-72

“Performance ranges are based only on the nominal operating points of each thruster and do
not reflect their demonstrated range.

OHET SGIE MArcjet OOther
Fig. 2 Distribution of high-power thrusters by device type.

thrusters identified in this review. The complete list, along with
various performance metrics of each thruster, is documented in the
Appendix. Figure 2 shows the breakdown of thrusters by EP type.
The 31 HETs comprised more than 67% of this power class, followed
by seven arcjets, six GIEs, and two Other.

In Fig. 3, we present the total efficiency as a function of the
nominal thrust-to-power ratio, 7/P, of high-power EP thrusters.
The T /P of each thruster was calculated by dividing the measured
thrust by P;, at the nominal operating point. Total efficiency was
determined to be an appropriate measure of thruster performance as it
relates jet power production to the total input power at the target 7'/ P
ratio. A few observations can be made in Fig. 3. First, thrusters of the
same EP type can be grouped together as they demonstrate similar
performance in total efficiency at their nominal 7/ P. As a visual aid,
dashed ellipses are placed inside Fig. 3, grouping the thrusters into
the three device types. The total efficiency for high-power HETSs
ranges between 57 and 67%, with an average of 62%. High-power
arcjets demonstrated the lowest total efficiencies ranging between 14
and 37% with an average of 30%. GIEs in the high-power class
exhibited the highest total efficiencies with values between 68 and
78% and an average of 74%. Second, arcjets achieved broad coverage
in T/ P performance spanning from 40 to 117 mN/kW although at
low 1, values. Third, HET's offered more diversity in total efficiency
versus 7'/ P performance for input powers between 5.9 and 98.4 kW.
For example, most of the HETs between 6 and 8 kW achieved higher
T/ P values than 20-kW-class HETs, given the same total efficiency
of 60%. It should be noted that these thrusters operated on various
propellants other than xenon and that their total efficiency perfor-
mance may not have been maximized as part of the objectives of their
test campaigns. Generally, GIEs and HETs rendered total efficiency
values greater than 50% that can address the current needs of satellite
operators and mission designers requiring high specific impulse for
station-keeping, space exploration missions, or high thrust for EOR.
Additionally, we did not find any active research programs support-
ing the development of the high-power arcjets identified since 2000.
As for thrusters classified as Other, their unique technology and
performance thus far makes them unsuitable for direct comparison
to other EP devices. This motivated us to understand and comment on
the total efficiency performance of high-power GIEs and HETSs
further.

Figure 4 shows the total efficiency of high-power GIEs and HETs
as a function of time, specifically the year in which the performance
of the thruster was initially reported. Only thrusters operating on
xenon were plotted over time to ensure direct comparison. In this
subset of thrusters, high-power GIEs and HETSs have spanned from
1997 until now, although some references imply that these systems
were developed and tested to powers above 100 kW earlier than the
1990s [83,84]. From Fig. 4, the reader can see that the average total
thruster efficiency of HETS in the high-power regime has increased
from 57% to about 62% since the late 1990s. However, HETs have
maintained an approximately constant value of 62% since 2007,
serving as an indicator for the current SOA in this power class. GIEs
have shown a more consistent performance in the same time frame
remaining more efficient with a total efficiency SOA value of
72%. Uncertainty in the reported total efficiency values from refer-
ences was not considered for this analysis and can be as large as
+5%. Regardless of this shift, both thruster types indicate the total
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Fig. 4 Current SOA of 7, of high-power HETs and GIEs over the last 30 years.

efficiency SOA value in the high-power regime to be limited to an
approximately constant value.

In Table 6, we catalog the physical properties of mass, specific
power at nominal operating point, and the mechanical envelope for
many of the thrusters in this review. The motivation in doing so is to
provide mission designers and spacecraft system engineers with
estimates for mass and volume budget allocations when considering
high-power EP options. In this paper, the mechanical envelope is a
cylinder defined by a characteristic diameter and length based on
thruster dimensions. The mass and mechanical envelope data in
Table 6 provide useful information for spacecraft integration plan-
ning such as thruster installation locations, identifying possible
spacecraft—plasma plume interacting surfaces, postlaunch thruster
deployment mechanisms, and multi-axis gimbals for positioning and
thrust vector control. Additionally, the SOA of specific power at the

nominal operating point is readily determined by dividing the thrust-
er’s nominal discharge or beam power by its total mass. We remark
that the masses and mechanical envelopes presented for each thruster
may not have been optimized since many of them are laboratory
prototypes at low maturity levels. Generally, a high specific power is
appealing as it measures a thruster’s ability to support high-power
discharge operations per unit mass of the thruster body.

Inspecting Table 6 affirms that high-power GIEs and HET's exhibit
different physical properties in specific power and overall mechanical
envelope. All GIEs had a larger mechanical envelope than their HET
counterparts of the same power level with the RF ion thruster, RIT
2X, offering the smallest volume of the technology types. Further-
more, the average specific power for GIEs is 0.51 kW /kg while
HETs display a larger variance, centered around 0.62 kW /kg, but
ultimately depending on the technology type. For example, thrusters
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Table6 Demonstrated physical properties of the SOA of high-power
EP thrusters in ascending thruster mass

Thruster Specific power, Envelope,
Thruster mass, kg kW/kg @ (cm) X L (cm)
RIT 2X <11.5 <0.46 33x22
KM-10 11.6 0.9 —_—
SPT-200 12 0.50 26 x 20
BHT-6000 12.5 0.48 25x 18
NEXT-C 12.7 0.50 53 %38
ESEX 12.7 2.19 45 x 54
T7 13 0.44 44 % 38
HEMP-T 30250 14.5 0.69 14 x 25°
D-150 18 0.83 34x13
SPT-290 18 1.00 37 %23
H9 20 0.45 30 % 15°
TAL-200 20 1.25 32 % 32°
BHT-8000 252 0.32 38x 18
PPS-20k ML 25% 0.80 3611
BBM4 26 0.23 _——
NEXIS 29 0.67 65 % 38
TM-50 30.5 0.83 31x16
IT-500 <40 <0.88 60 x 47*
VHITAL-160 40 0.92 42 x 25*
HT20k 40-50* 0.4-0.5 40x — —*
BHT-20K 45° 0.44 46 x 25
HiPEP 49.5 0.40 100 x 50 x 222P
HERMeS TDU-3 50* 0.25 —_
D-160 70 0.57 42 x42*
N30 100 0.32 50 x 15*
X3 230 0.43 80 x 20*
SMHT —_— —_— 26 x 10°
H6 —_— —_— 32x10
NASA T-220 —— — 31 x20°
NASA-300M —_— —_— 39 x 15°
NASA-400M —_— —_— 53 x 20*
NASA 457M v1 —— — 58 % 20°

“Approximate mass and/or mechanical dimensions.
"HiPEP has a rectangular mechanical envelope.

with anode layer (TALs) demonstrated a higher specific power of
0.88 kW /kg, while nested HETs exhibited a lower specific power of
0.38 kW /kg. We note to the reader that nested HETs only begin to
trade well against single-channel Hall thrusters at power levels above
50 kW and thus exhibit lower specific power values.

We share a few general observations that can be made thus far.
First, the number of high-power HETS identified in this power class
far exceeded other technology types. We believe this to be attributed
to the relative ease in applying HET scaling laws during the design
and manufacturing of the thruster. The consistent performance of
HETSs suggests that the EP community is proficient at scaling the
design of HETSs for high-power operating conditions. Second, we
observed that hardware maturity level and flight qualification state,
terms to be defined in the next subsection, of the thruster types varied.
While many high-power HETs have been developed at the bread-
board level, less than a fifth have engaged in activities to elevate its
hardware maturity level or acceptance testing pursuant to flight
qualification. The opposite is true for GIEs that were more readily
matured with at least a lifetime test over 2000 h in preparation for EP
string architectures. To capture this discrepancy, we define hardware
maturity and qualification state next.

C. Hardware Maturity Level and Qualification State Definitions
Each high-power thruster in this review has been developed to

varying levels of hardware maturity and flight qualification state. In

this subsection, we provide the definition of the two terms for a

thruster, but they can be generalized for the other EP string segments
as well. The hardware maturity level of a thruster is a qualitative
metric that aims to characterize its degree of technological advance-
ment in achieving a specific performance profile that is repeatable in a
relevant vacuum environment. The hardware maturity levels of a
thruster are derived from NASA’s Systems Engineering Handbook
[85] and, for this paper, can be one of the following three levels.

A breadboard prototype (BB) is a working laboratory prototype
that has been tested in a representative environment with initial
performance metrics reported validating theoretical principles of
the design. At this maturity level, the thruster is intended for R&D
applications and is typically operated using laboratory power sup-
plies, mass flow controllers, and cathode(s). In this review, 34 out of
the 46 high-power thrusters are classified as breadboard prototypes.

An engineering test unit (EU) is a high-fidelity thruster unit that
has undergone at least one design iteration and has been scaled and
manufactured to demonstrate form, fit, and function pursuant of an
EP string architecture or mission application. At this maturity level,
the thruster has been paired with a cathode for operation. The thruster
has been tested more than once, showing repeatable performance in a
representative vacuum environment, and implemented structural,
thermal, and/or electrical design modifications. In addition, the
thruster has endured a wear test greater than 100 h characterizing
the degradation of thruster components. In this review, eight high-
power thrusters are classified as engineering test units.

A flight qualification unit (FQ) is a thruster whose design is either
finalized or has undergone extensive design iterations and is ready to
be integrated as part of the EP string. For flight qualification, this
thruster is the same as the flight unit and will be used to complete the
full range of acceptance tests as required by the mission. In this
review, four thrusters are classified as flight qualification units. In
the Appendix, we include the hardware maturity level of each thruster
based on these definitions.

The qualification state of a thruster describes its advancement in
completing flight-qualification acceptance tests per relevant industry
standards in accordance with mission requirements. A thruster pur-
suant to flight qualification will undergo lifetime, mechanical, ther-
mal, electrical, and string integration acceptance testing. Each
acceptance test varies based on mission requirements and is defined
within the scope of the thruster’s qualification program. An outline of
each acceptance test and what they encompass at the program level is
provided in [86]. These tests have been adapted to EP string quali-
fication testing as described in the next paragraph.

A thruster that has completed a lifetime test (LT) has successfully
operated at a prescribed throttle point or set of throttle points in a
vacuum facility for more than 100 h. Mechanical acceptance testing
(ME) aims to validate the structural integrity of the thruster under
static and dynamic loading. Usually, this consists of sinusoidal sweep
vibration, random vibration, acoustics, shock, and/or pressure profile
tests. In thermal acceptance testing (TH), the thruster has completed
one or more tests such as thermal cycling and/or thermal balance.
During electrical acceptance testing (EE), the thruster has completed
electromagnetic interference (EMI) and electromagnetic compatibil-
ity (EMC) testing. In string integration testing (SIT), the thruster has
been integrated into the string and successfully demonstrated end-to-
end functionality over a set of conditions representative of the mis-
sion environment. Lastly, a thruster with flight heritage (FH) has
flown and its operation validated in-orbit. The thruster’s qualification
state increases as LT, ME, TH, EE, and SIT acceptance tests are
completed. The qualification state is maximized once the thruster, as
part of an EP string, achieves flight heritage.

We found that many high-power thruster developers advanced the
hardware maturity level of the thruster by engaging in a lifetime test
motivated by the performance requirements imposed by a planned
mission. The primary outcomes of a lifetime test are quantifiable
metrics regarding the physical degradation of thruster components
and thruster performance variation in 7" and I, at a prescribed Pj;, as
a function of time. Lifetime testing is particularly important for the
high-power EP community due to the expected long operational h in
space applications that can be as high as 50,000 h for some missions
[87]. Of the 46 thrusters, 16 engaged in some form of long-duration



Downloaded by Mitchell Walker on November 3, 2022 | http://arc.aiaa.org | DOI: 10.2514/1.B38594

JOVEL, WALKER, AND HERMAN 1061

Table 7 Accumulated lifetime hours of SOA of high-power EP in ascending P;,

Thruster EP type Piy, kW Mission Lifetime, h References
BBM4 HET 5.98 ETS-9 4,048 [88]
BHT-6000 HET 6 PPE >100 [8]
RIT 2X, QM1 GIE 2.6 GIESEPP >3,500 [13]
NEXT-C GIE 0.52-6.86 DART/R&D 51,184 [89]
NASAT-220 HET 10.4 R&D 1,028 [90]
KM-10 HET 10.5 —_— 500 [91]
XR-12 HET 12.2 TSAT 400 [64]
AEPS ETU-2 HET 6.25, 8.33, 10.42, 12.5¢ PPE 730 [92]
HERMeS TDU-3 HET 6.25,12.5¢ PPE/R&D 3,570 [87]
HT20k, DM1 HET 15, 20¢ CHEOPS 250 [11,93]
IT-500 GIE 17.8 —— 2,018 [94]
NASA-300MS HET 10, 15, 20° R&D 99 [95]
NEXIS GIE 20.4 JIMO 2,020 [96]
HiPEP GIE 20.8 JIMO 2,193 [97]
ESEX Arcjet 27.8 ARGOS >0.5¢ [98]
NASA-400M HET 37 R&D 292 [99]

“Input power range was not directly available for the lifetime hours, so the power range given in [100] is used.

"Double Asteroid Redirection Test (DART) mission.
‘Discharge power values are presented.

JESEX lifetime is the total operational hours during the Advanced Research and Global Observation Satellite (ARGOS) mission.

operations testing. In HET lifetime testing, discharge channel wall
erosion and external electromagnetic components are characterized.
In GIE lifetime testing, developers focus on the degradation of the ion
optics of the grid assembly and discharge chamber cathode orifice.
Quite often, lifetime testing in a vacuum facility cannot be executed
continuously due to limits on facility pumping capability or test ope-
ration anomalies and are generally segmented into sequential time
intervals. In these situations, the same thruster must be operated for
the entire duration of the test to accumulate operational hours. Since
lifetime testing is essential for understanding the application of
high-power devices for long-duration missions, we list in Table 7
the thrusters that have endured lifetime testing in ascending P;,, the
driving mission if available, and their accumulated operational hours.
For the cases in which lifetime testing was performed as part of
scientific investigations, we denote the mission as research and
development (R&D). We emphasize that the input power levels given
in Table 7 may not necessarily be the maximum input power of the
thruster and instead were a throttle point of interest for that test
campaign.

From Table 7, the reader can see that high-power GIEs have proven
to accumulate more lifetime hours than HETSs. In fact, all the high-
power GIEs identified in this review except one have completed
more than 2000 h of constant thruster operations. Less than a third
of high-power HET's embarked on a lifetime test campaign and varied
between 99 h to more than 4000 h.

Total High-Power
Thrusters

Lifetime > 100
hours

ME Qualification

TH Qualification

LT+ME+TH
Qualifications

EE Qualification

FH

Figure 5 offers a broader perspective on the qualification state of
high-power EP thrusters. This graphic depicts the number of high-
power thrusters that have completed various acceptance tests up to
SIT. Developers typically produce two replicates of a thruster design,
utilizing one for lifetime testing and the other for qualification tests.
From Fig. 5, the reader can see that the number of thrusters tested
beyond lifetime drastically reduces. Mechanical qualification testing
is the second most pursued qualification test, followed by ther-
mal environment testing. Our study found seven thrusters that have
achieved a mature qualification state by completing LT, ME, and TH
acceptance tests: RIT 2X, NEXT-C, KM-10, HERMeS Technology
Demonstration Units (TDUs), BHT-6000, AEPS Engineering Test
Units (ETUs), and ESEX. Electrical qualification testing remains the
least attained in this study, owing to the need for adequate mission-
specific test parameter maturity and significant challenges, making
such measurements inside metallic vacuum chambers. In this review,
electrical qualification testing was conducted on four thrusters: T-
220HT, NEXT-C, HERMEeS, and ESEX. Of all the thrusters identi-
fied, only the 26 kW ESEX arcjet has achieved flight heritage after
being successfully operated as an EP system on the ARGOS mission
in 1999 [98].

The trends discussed in this section capture the SOA of high-power
thruster performance across EP device types, time, and technological
maturity for nominal input powers spanning from 5.65 to 200 kW.
First, we discerned that HETs, GIEs, and arcjets all exhibit stark

BHET OGIE
O Arcjet O Other

Fig. 5 Number of high-power thrusters that have completed lifetime (L T), mechanical (ME), thermal (TH), and electrical (EE) qualification tests.
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differences in T/P, Ig,, and 7, performance as summarized in
Table 5 and depicted in Fig. 3. Second, high-power arcjet develop-
ment is virtually inactive while HET and GIE thruster technologies
have steadily flourished since the 1990s. The average total efficiency
of high-power HET's and GIEs currently remains relatively constant
at 62 and 72%, respectively. Lastly, the reader can see that although
46 high-power thrusters have been developed over the last 30 years,
the regime remains technologically immature overall. As shown in
Fig. 5, many EP devices perform lifetime testing to some degree but
only seven thrusters are regarded as mature given their advancement
in completing LT, ME, and TH acceptance tests. None of these
thrusters have achieved flight heritage at input powers >6 kW except
for the 26 kW ESEX arcjet in 1999 on ARGOS. The high-power
thrusters involved with EP string flight-qualification programs are
discussed next.

V. High-Power EP Strings

In this section, we introduce the high-power EP strings with flight
heritage or in-development associated with the thrusters in Sec. IV.
We define the criteria necessary to be considered a high-power string
for this review. We provide some programmatic background about
how the EP strings came to be and share their target performance
throttle points. Then, we present the supporting cathode, PPU, and
PMS segments, share their relevant performance metrics, and deter-
mine their hardware maturity when possible.

A. EP String Criteria

For an EP string to be included in this review, the references
explicitly mentioned development plans in maturing and/or qualify-
ing any combination between the thruster, cathode, PPU, and/or PMS
with total thruster input powers > 6 kW. It is not necessary for the
hardware to exist or for each of the segments to be technologically
matured to the same degree. We found that all strings are being
developed as part of a qualification program for a specific mission
or space commercialization initiative. In many cases, program man-
agers may choose to outsource or purchase commercially available
PPU and/or PMS segments when qualifying the string. As an exam-
ple, the NEXT-C string is qualifying all segments except for the PMS,
which will be a commercially available xenon flow controller with
significant hardware maturity [101].

B. High-Power EP Strings

Table 8 captures the eight high-power EP strings in development or
with flight heritage as of 2021. We include the string name, nominal
input power, associated high-power thruster, mission, mission type,
qualification state of the string when applicable, and primary devel-
opers responsible. The qualification state definitions from Sec. IV
can be extrapolated to the string but includes the testing of the
ensemble, SIT.

From our review, ESEX is the only high-power EP string that has
achieved full qualification status by completing lifetime, mechanical,
thermal, electrical, and flight operations by 1999 on the ARGOS
mission [98,102]. The flight qualification program of the arcjet, PPU,
and PMS string started in early 1995 and was finalized by mid-1998,
lasting a little over three years. Mechanical acceptance tests included
random vibration and a sine sweep based on mission specifications.
Thermal acceptance testing exposed the ESEX string to a range of
anticipated on-orbit temperatures using a thermal vacuum chamber.
A fully integrated string test highlighted some of the challenges
associated with testing high-mass flow rates in ample-sized vacuum
chambers [102]. ESEX was designed to operate at a nominal flow rate
of 240 mg/s on ammonia for 15-minute increments, but the inte-
grated string test could not be maintained due to facility pumping
limitations. Challenges such as arcing onto the PPU were experi-
enced, further complicating ground-based string characterization. Of
particular interest to the program were the electrical qualification
tests that focused on EMI and EMC of ESEX string with the space-
craft. The military standards, MIL-STD-461C and MIL-STD-1541,
were the driving documents for the electrical qualification tests.

NEXT-C, AEPS, and BHT-6000 follow as the most technologi-
cally mature high-power EP strings with active flight qualification
programs as part of government-sponsored missions [6,101]. These
strings are currently elevating the hardware maturity level of their
thruster, cathode(s), and PPU. They are all planning to use commer-
cially available xenon flow controllers as part of their PMS. The
NEXT-C string has achieved the highest maturity level by completing
all development and flight acceptance tests in preparation for DART
science mission. Although technically NEXT-C was flown in
November of 2021, it did so at a lower beam power throttle point
of 2.76 kW and thus not considered a high-power string with flight
heritage as defined herein. The NEXT-C is based on NASA’s Evolu-
tionary Xenon Thruster (NEXT), a GIE originally developed in 2002,
and later commercialized by Aerojet Rocketdyne [101]. AEPS ETU
thrusters are derived from the HERMeS 12.5 kW magnetically
shielded HET [103]. The BHT-6000 is based upon the evolution of
the BHT-5000 thruster to support the PPE science mission. The
thruster segment of the three strings has been significantly matured
with well-characterized performance mappings and lifetime,
mechanical, and thermal acceptance tests. In addition to this, all three
strings have completed or are engaged in preliminary system inte-
gration testing between the thruster, cathode(s), and PPU segments at
least at a breadboard level or higher [6,101]. Also, the PPUs in these
strings draw heavily from flight heritage units and have been cus-
tomized to meet the mission requirements for their respective space-
craft buses [6,104,105]. Most segments of the BHT-6000 and AEPS
strings have completed development testing, including environmen-
tal testing to qualification levels for engineering model (EM) hard-
ware. The EM PPUs for AEPS and BHT-6000 thrusters are currently
under development by Maxar and derived from their heritage PPU-
140. Both strings are at a critical design review (CDR) level and
are transitioning into formal qualification campaigns for the PPE

Table8 High-power EP strings advancing their qualification state in ascending P;,

EP string Py, KW Thruster Mission/program Mission type Qualification state Developers References
NEXT-C = 2.99-3.65 NEXT-C DART SCI LT, ME, TH, EE, SIT Aerojet Rocketdyne, ZIN [101,106]
Technologies, NASA GRC

—_— 1.77,594 BBM4 ETS-9 GEO —_— IHI Aerospace, ISAS, JAXA [88,107]
RIT 2X 2-6 RIT 2X GIESEPP GEO _ ArianeGroup, Airbus DS Crisa [13]
BHT-6000 3-6* BHT-6000 PPE SCI LT, ME, TH, SIT Busek Co., Maxar [8]

T7 2.7-6.4 T7 GIESEPP GEO —_ QinetiQ, Airbus DS Crisa, AST [12]
AEPSP 6.35-12.58 AEPS PPE SCI LT, ME, TH, EE, SIT  Aerojet Rocketdyne, Maxar, NASA GRC,  [6,108]

JPL, ZIN Technologies, VACCO, Moog
ESEX 26 ESEX ARGOS R&D LT, ME, TH, EE, SIT, FH  AFRL, TRW, Olin Aerospace Corp., [102,109]

XR-100 66-78.3%° X3 NextSTEP R&D

CTA Space Systems
_ Aerojet Rocketdyne, University of [110]
Michigan, JPL, NASA GRC

“Thruster discharge power for the BHT-6000 and XR-100 is given.

"AEPS thruster designed and fabricated by Aerojet Rocketdyne is preceded by the NASA HERMeS thruster [§].
€XR-100 thermal equilibrium test for P, > 50 kW is shown; XR-100 was designed for total thruster input power of 100 kW [110].
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mission. Despite this progress, AEPS and BHT-6000 strings have not
completed flight qualification tests and are on-going as of 2022.

The BBM4 has matured through a series of design iterations and
preliminary lifetime testing. The thruster design is on its fourth
iteration, called BBM4, and completed a lifetime test of more than
4000 h as of late 2019 [88]. Another unit, designated BBM/STM,
was fabricated and used to characterize thruster erosion rates and
structural integrity with respect to the launch load environment. The
unit has completed preliminary string testing using the BBM4
thruster, cathode, and breadboard model PPU, PPU-E [111]. The
results of the BBM4/PPU-E coupling test in 2018 led to the design
and fabrication of a mature engineering model for string acceptance
testing. Engineering Test Satellite 9 (ETS-9) is the mission driving
string flight qualification with a planned launch date sometime in
2023 [5].

The XR-100 is being matured to a TRL 4/5 to serve as a proof-of-
concept demonstrating string operation in the 100 kW power levels
for human space exploration architectures. The NASA Next Space
Technologies for Exploration Partnerships, NextSTEP, program
funded the development of the thruster, cathode, PPU, and PMS
segments [110]. XR-100 completed a preliminary system integration
test at NASA GRC in early 2019, demonstrating compatibility
between early prototypes of all four string segments. The thruster
used in this string is the X3, a 100 kW nested HET, and is the most
powerful HET to date. The X3 is a proof-of-concept laboratory
thruster that, with minor design changes, could be operated up to
200 kW. The breadboard level PPU and PMS prototype designs were
based on the segments used on AEPS and XR-5 strings. A novel,
high-amperage LaBg cathode in the 100-A’s range was developed
specifically for the X3 [112]. However, testing the XR-100 at its full
power has not been successful due mechanical design issues [110].

The T7 and RIT 2X are currently in the early phases of string
development. The Gridded Ion Engine Standardised Electric Propul-
sion Platform (GIESEPP) program is funding the initial phase of both
high-power GIE strings to TRL 5 by 2024 [12,113]. Although we
were only able to find limited performance data for both GIEs, the
context surrounding these thrusters justified their candidacy as poten-
tial EP strings. Out of the two strings, the RIT 2X is more mature than
the T7, and the developer, ArianeGroup, is currently manufacturing
flight qualification strings. The RIT 2X is based on the RIT-22 RF
GIE, which underwent significant hardware maturity, including a
3000 h lifetime test in 2005 [114]. ArianeGroup has produced two
RIT 2X qualification units, QM1 and QM2, that are managed in
parallel to complete lifetime, mechanical, thermal, and electrical
acceptance tests. QM1 has accumulated more than 3500 h while
QM2 has passed vibration, shock, and thermal cycling tests and is
preparing to undergo EMC testing [13]. QinetiQ’s T7 ion engine is a
scaled-up version of the T6 midpower GIE that continues to operate
nominally aboard the BepiColombo spacecraft [12]. An engineering
model of the T7 is being manufactured with functional tests to follow
[12]. Various space industry manufacturers are developing PPUs,
PMSs, and cathodes to support these two thrusters. Most notably,
Airbus DS Crisa is developing a modular PPU that can power both
GIEs [67]. The difference in this qualification program is twofold:
1) these high-power strings will be made commercially available to
GEO telecommunication and deep space exploration missions, and
2) the supporting segments are also intended to become commer-
cially available to support other midpower EP strings such as the
PPS®5000, SPT-140D, and XR-5 [67].

We remark that only HET and GIE technologies are being consid-
ered for high-power EP strings. Since ESEX in the late 1990s, no

other high-power arcjet strings were identified in this review. Addi-
tionally, devices classified as Other like the HEMP-T 30250 and VX-
200 continue to mature at the thruster level with limited information
on plans for a fully integrated EP string. Thus, we shift our focus to
the discussion of HET and GIE high-power EP strings.

C. Current SOA of High-Power Cathodes, PPUs, and PMSs

For the strings discussed in the previous subsection, we share their
supporting cathode(s), PPU, and PMS segments as they constitute the
SOA in the high-power regime. For each segment, we include the
performance metrics relevant for each segment as discussed in Sec. II.
Starting with the cathode, /;,, emitter material, ignition method, and
qualification state are shown in Table 9. The SOA high-power
cathodes are mainly BaO-W and can generate up to 21 A at nominal
string operation. The maximum demonstrated [ is the Gen3 LaBg
cathode producing more than 300 A of current for the XR-100 string.
All high-power cathodes use heaters as the ignition method.

For high-power PPUs, we determined that Vs, Vieam, Ldis> Ibeams
Vin» ppu,» and total PPU segment mass, in addition to the qualification
state, are the relevant metrics. This information is given in Table 10.
Note that the power values in the table represent total input power into
the PPU, P, for operating the entire string. We can draw the
following conclusions regarding the SOA of high-power PPUs. First,
each thruster required a customized PPU design to support the
increase requirements in Vg, Vieams Lgis» and Jpeqy. Second, most
of the PPUs were developed to be compatible with a wider range of
spacecraft input voltages between 80 and 160 V. Third, the PPU total
mass scales with thruster mass at a ratio of 2.6:1 but maintains
nppy>90%. In terms of qualification state, the PPU lags its associated
thruster.

The SOA of the PMS supporting high-power EP strings is captured
in Table 11. Mass flow rate scales with string input power as thrusters
operate at higher 14 or Iy, Many of these units were modified
versions of their midpower counterparts with flight heritage in
Table 4 except for XR-100 PMS segment. The XR-100 uses a newly
developed propellant management unit and mass flow controllers due
to its sufficiently high xenon flow rates ranging between 18 and
250 mg/s [115]. We included propellant compatibility to give read-
ers a sense of the PMS’s adaptability to gases other than xenon.
Table 11 reveals that all SOA PMS segments in the high-power
regime are based on xenon except for ESEX. This is especially
interesting for developers experimenting with alternative propellants
such as krypton and iodine.

VI. Recent Advances in High-Power EP

Recent technological advances that have enabled the SOA of high-
power EP are discussed in this section. We define recent to be within
the last 15 years and advances as any hardware technology that has
noticeably aided the research community in getting closer to flying
high-power EP. Based on our review experience, we believe that
programmatic factors are critical in understanding the technological
maturity of these devices. As such, we first introduce the qualitative
factors that facilitated the progress of high-power EP from a historical
perspective. Then, we provide the technological advances that con-
tinue to enable the high-power regime.

A. Factors Leading to the Current SOA of High-Power EP

From our literature review spanning the last 35 years of the
community, we observed a few driving factors that started and/or

Table9 Current SOA of high-power cathodes in ascending 1 4;,

Cathode Lais, A Emitter material Ignition method Developer Qualification state References
2X5 (RIT 2X Neutralizer) 1-5 BaO-W Heater ArianeGroup LT [116]
NEXT-C Neutralizer 1-3 BaO-W Heater NASA GRC LT, ME, SIT [101,117]
NEXT-C Discharge 4-24 BaO-W Heater NASA GRC LT, ME, SIT [101,117]
TDU (AEPS) 20.8 BaO-W Heater Aerojet Rocketdyne, NASA GRC SIT [118]
Gen3 (XR-100) 25-330 LaBg Heater JPL SIT [119]
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Table 10  Current SOA of high-power PPUs in ascending P

Vis or Iyis or
Vbeama v Ibeam’ A Vi“’ v

Qualification

EP string PPU  Pioi, kKW Mass, kg ey % state Developers References

NEXT-C 3.2-4 936-1179 2.7 80, 100, 125 34.5 91-94 LT, ME, TH, EE, SIT ZIN Technologies, Aerojet [40,106]

(DART)? Rocketdyne, NASA GRC

RIT 2X/T7° 3-6.1 1600 5 100 22-26 93 SIT Airbus DS Crisa [120]

BHT-6000 6.5 600 20 100 —_— 94 EE, SIT Maxar [8]

NEXT-C 0.5-7 1800 3.52 80-160 34.5 95 LT, TH, SIT NASA GRC, ZIN Technologies,  [40,105]

Baseline® Aerojet Rocketdyne

AEPS 6.7-13.5  300-630  10-20.8 95-140 62 95 SIT NASA GRC, ZIN Technologies, [6,104]

Aerojet Rocketdyne, Maxar®

ESEX 30 90-130 200-288 160-240 48.4 95 LT, ME, TH, Pacific Electro Dynamics, [121]
EE, SIT, FH Space Power Inc.

XR-100¢ 73.7-85.4 300 78-141 94-140 ~45 >95 SIT Aerojet Rocketdyne [110,115]

“Two PPUs for the NEXT-C string have been fabricated: 1) the NEXT-C PPU (DART) has been flight-qualified for the DART mission to the performance metrics presented, and 2) NEXT-C
Baseline PPU, a mature prototype developed to support the full-range of NEXT-C performance from 0.5 to 7 kW [40,106].

®Airbus DS Crisa is developing a modular high-power PPU that can support both the T7 and RIT 2X GIEs in a variety of cluster configurations.

¢Aerojet Rocketdyne PPU performance is given. We expect the PPU supplier to change to Maxar, but delays in publication prevent us from sharing the new PPU performance values.
4XR-100 breadboard PPU performance during preliminary SIT testing is presented. Discharge power modules exhibited a wider performance range up to 100 kW as described in [115].

Table 11  Current SOA of high-power PMS in ascending m,,

EP string PMS i, mg/s Compatible propellants Qualification state Developer References
T7 0.15-10 Xe, Kr, Ar, He, N, —_— Advanced Space Technologies GmbH [12,122]
AEPS 8-24 Xe SIT, LT, ME, TH VACCO* [6,41]
ESEX 240 £ 5 NH; SIT, LT, TH, ME, EE, FH Rocket Research Company [123]
XR-100 Up to 250 Xe SIT Aerojet Rocketdyne [115]

“We expect a change in supplier to Moog, but delays in publishing this information prevent us from stating this in the table.

sustained the growth of high-power EP. The three main drivers
responsible for the early development of high-power EP devices
are 1) international collaboration and knowledge exchange between
researchers and developers, 2) performance requirements set forth by
premier space missions, and 3) national directives targeting techno-
logical advancement. This subsection will discuss each driver from a
historical perspective, but not necessarily in chronological order, and
their contribution to the evolution of high-power EP devices to the
current SOA.

EP research collaboration at an international level disseminated the
design scalability and manufacturability of high-power EP devices.
Since the 1970s, various countries have engaged in the design and
prototyping of high-power electrostatic and electrothermal devices
producing thrusters such as the D-160 [124], TT1 [125], and the RIT-
35 [126]. For instance, Bober et al. shared the preliminary perfor-
mance of an entire suite of high-power HET prototypes with input
powers up to 25 kW [127], while Loeb had developed a family of
RFion thrusters (RIT) exceeding 3 kW [128]. This was not the case in
the United States, where the focus was more on developing high-
power arcjets [129,130].

The end of the Cold War in the early 1990s marked a critical
moment in the development timeline of high-power HETSs in the
United States as a technology exchange with Russia bridged a wide
knowledge gap between the two nations. Before this technological
research exchange, HETs were virtually nonexistent in the United
States. In 1991, a cohort of American EP specialists traveled to
Russia and had the opportunity to test the 1.35 kW SPT-100 [131].
The increasing spacecraft power budget for mission architectures of
the time bolstered NASA and other American space companies to
execute comprehensive R&D campaigns to study Russian HETs
[68,84,132]. The efforts of this collaboration culminated in the
development of the first Western high-power HET in 1997—the
NASA T-220 [133]. This trend continued well into the 2000s with
NASA GRC proving its ability to proficiently scale up HETs by
producing the 20 kW NASA-300M [134], the 50 kW NASA-400M
[99], and the 72 kW NASA 457Mv1 [135]. However, the testing of all

these high-power thrusters was performed in vacuum facilities out-
fitted with laboratory power supplies and gas flow control systems.
None of these high-power HETs had an equivalent PMS or PPU
developed for fully integrated system testing. From these reports, we
can gather that the American objective was focused on understanding
the HET design principles and scaling them up to tens of kilowatts
range. The published performance of these HET's stimulated interest
in the further development of this technology as observed in the
evolution of the NASA T-220 into the T-220HT for EMI investiga-
tions [136]. In parallel, other Western organizations initiated funda-
mental plasma physics research to enhance the performance of
high-power HETs. Notable thrusters produced were the H6 [137],
H9[138], X2[139], X3 [140], BHT-8000 [141], BHT-20k [142], and
HERMeS [143].

High-visibility space missions have proven to be essential cata-
lysts in the pursuit of realizing high-power electrostatic devices in the
United States and abroad. The success of Deep Space 1in 1998, along
with a renewed interest in the possibility of utilizing nuclear power
for spacecraft, facilitated research focused on high-power GIEs.
NASA’s Solar Electric Propulsion Technology Applications Read-
iness (NSTAR) project was responsible for providing the Deep
Space 1 spacecraft with a new 2.3 kW ion thruster [144]. Aside from
an initial firing issue, the NSTAR GIE operated through 2001,
accumulating more than 16,000 h and processing more than 70 kg
of xenon [145]. The success of Deep Space 1 established GIE
technology as one capable of achieving long operational hours and
high propellant throughput for space exploration type missions. Soon
after, the Jupiter Icy Moon Orbiter (JIMO) became the next high-
visibility mission in the early 2000s that motivated the development
of three next-generation, higher power GIEs: HiPEP [146], NEXIS
[147], and NEXT [148]. All three ion thrusters leveraged NSTAR
heritage as a baseline, were significantly matured, completed lifetime
testing, and engaged in some form of mechanical and/or thermal
cycling testing per NASA technology readiness standards by 2007
[96,97,149]. Of the three, NEXT became the most advanced in this
endeavor through the mid-2000s. The first phase of the technological
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development program for NEXT began in 2003, consisting of two
gridded ion thrusters and breadboard PPU and PMS models. Over
the course of 18 years, the NEXT GIE would be transitioned into the
commercial space sector and renamed NEXT-C mainly focusing on
spacecraft integration issues and considerable PPU architecture
design modifications. As of today, NEXT-C is the most advanced
EP string comprising of thruster and PPU flight models achieving
FQ for the DART mission, albeit at input powers less than
6 kW [101].

The same pattern is also evident in the recent development of the
RIT 2X and T7 high-power GIE strings. The 10 cm RF ion thruster,
RIT-10, had two successful ESA missions that established its
promise as an in-space propulsion device. The RIT-10 first flew
as a technology demonstration unit in the 1992 EURECA mission
[150], and then again in 2001 on ARTEMIS where it was repur-
posed to serve as the primary propulsion system after a postlaunch
anomaly and successfully placed the spacecraft in its mission orbit
[151]. The RIT-10 served as a baseline enabling its European
developers to produce the 2.8 kW RIT-35 and 5 kW RIT-22. This
extensive heritage with RF ion engine technology was used to
develop the RIT 2X high-power GIE.

More recently, the successful BepiColombo flight in 2018 vali-
dated the performance of midpower, Kaufman-type T6 ion engine for
interplanetary missions [57]. Before this, four T5 GIEs supported
ESA’s Gravity field and steady-state Ocean Circulation Explorer
(GOCE), demonstrating variable thrust performance between 2009
and 2013 accumulating about 36,000 operational hours. These pre-
mier ESA missions and the space industry’s push toward all-electric
satellite platforms directly motivated the development of the 6.4 kW
T7 [12]. We also noted that early high-power GIEs differed from
HETs in that some of these programs did invest R&D efforts to
produce breadboard prototypes of PMS, PPU, and cathode hardware.

In 1997, the U.S. Air Force launched ARGOS, a technology
demonstration mission that ultimately qualified the 26 kW ESEX
string. The arcjet was a scaled-up version of two 1.5-kW-class
hydrazine arcjets [109]. The selection of the arcjet over other EP
technologies at the time was primarily based on its lower design
complexity, relatively mature PPU concepts for string operation, and
high thrust performance [152]. Many of the mission concepts at the
time planned on leveraging the high thrust performance of arcjets for
LEO to GEO electric orbiting raising. These events made ESEX the
first and only high-power EP string operating at discharge powers
>6 kW to have flown as of the writing of this paper.

National initiatives for technology maturation have been and con-
tinue to be essential in the advancement of high-power EP thrusters.
This was directly observed in the early 2000s with program initiatives
like In-Space Transportation Program (ISTP) and Project Prome-
theus that investigated high-power EP as viable propulsion options in
hopes of leveraging nuclear power capabilities in exploration-type
missions. The ISTP directly sponsored R&D efforts raising the TRL
from 3 to 4/5 of the 72 kW NASA-457M vl HET, resulting in a
second version, NASA-457M v2 by 2004 [153]. Project Prometheus
was a significant stimulant to high-power devices like HiPEP,
NEXIS, and NASA-400M as noted in [153,154]. In the United States,
NASA’s 2017 space policy directive and the culmination of work
conducted under the Flight Technology Demonstrator 1 program
(FTD-1), Asteroid Redirect Robotic Mission (ARRM), and now
PPE set a strong foundation for the TRL of AEPS and BHT-6000
strings facilitating their current flight qualification programs [155].
Similar observations are made in Europe in late 2008 with the HiPER
project—a project aimed at investigating innovative EP technologies
for space transportation and exploration missions [156]. The HiPER
project supported high-power EP initiatives in six different countries
producing notable thrusters such as the PPS-20k ML [157], DS3G
[158], and the 100 kW Alta MPDT [156]. Most recently, the Euro-
pean Union’s research and innovation commission initiated two
projects with the objective of further enabling high-power GIEs
and HETSs: GIESEPP and the Consortium for Hall Effect Orbital
Propulsion System (CHEOPS). GIESEPP is directly supporting the
string development of the RIT 2X and T7 for mid- and high-power
applications primarily targeting the GEO telecommunication satellite

market [12,13]. CHEOPS is responsible for the continued maturity of
the PPS®Dual-ML and HT20k HETs as well as PPU and cathode
development [93].

These national initiatives and flagship space missions also moti-
vated the private space sector to engage in high-power thruster
development. Capable prototypes such as the BHT-5000 [159],
BHT-8000 [141], BHT-20K [142], and the XR-12 [64] were devel-
oped demonstrating breadth in 7 and I, performance with the goal of
supporting government space missions. However, R&D funding
fluctuated as flight programs or requirements were either canceled
or changed, making it more difficult to sustain these efforts long-
term. Regardless, we can state that national technology maturity
initiatives and premier space missions engage the commercial space
sector, making them assets in further enabling high-power EP.

B. Recent Technological Advances Enabling High-Power EP

In this subsection, we delineate the technological advances that
have led us to the current SOA of high-power EP strings. For
inclusion in this section, the technological advancement must have
addressed the operational challenges observed in lifetime, thermal
constraints, structural integrity, and/or electrical performance. All
four segments of the string are reviewed separately and dis-
cussed below.

1. Thruster

The recent technological advances within the thruster segment
are the ability to scale designs to high power levels and magnetic
shielding to enhance lifetime operations. The HET and GIE proto-
type work developed in the late 1990s through 2010s served as
design baselines for higher power thrusters. The first of the high-
power HET’s developed in the United States was the 10 kW NASA
T-220. In addition, the T-220 is the first HET to undergo a magnetic-
field characterization and lifetime performance testing [90,133].
The two main results of the initial T-220 test campaign are that the
cathode placement and inner/outer magnetic coil operation settings
effect the thruster’s discharge efficiency [133]. A second test cam-
paign focused on quantifying the erosion of the discharge channel
wall over 1000 h of lifetime testing. During this test campaign,
discharge current oscillations were also measured over time. They
were seen to diminish beyond the 500 h mark, indicating that the
discharge oscillations of a thruster are a function of structural
erosion of the discharge channel [90]. This test was also the first
to utilize full-circumferential and in situ laser profilometry to
quantify discharge channel erosion as a function of time on a
high-power HET [90]. Results showed asymmetric erosion coupled
to the magnetic field topology. These findings were directly incor-
porated into the development of two 50 kW HETs, namely, the
NASA-457M vl [135] and NASA-457M v2 [160]. From a practical
standpoint, this effort ultimately proved the EP community’s ability
to scale HETs up to the tens of kilowatts power level, manage
vacuum facilities during high-power HET performance testing,
and apply a range of diagnostics to characterize the structural and
electrical properties of HETs.

The NASA-457M’s test campaigns demonstrated the commun-
ity’s ability to incorporate magnetic-field design lessons learned
into the 50 kW operating point in preparation for flight qualification
environment testing and high-power operation on krypton. NASA-
457M v1’s magnetic-field design was based on the NASA-173M
model, a midpower 5 kW HET prototype focused on high-dis-
charge-voltage, high—ISp operations [135,153]. Furthermore, the
NASA-457M v1 was the first high-power HET tested with krypton
that included a full performance characterization test campaign
[161]. The main challenges encountered during the NASA-457M
vl test campaign were primarily based on thermal, high-voltage
electrical operation, mechanical, and magnetic field optimization
issues. The experience gained from the NASA-457M v1 test cam-
paign directly influenced the design of NASA-457M v2 and NASA-
400M. The main goal of NASA-457M v2 was to incorporate the
lessons learned from v1 and advance the TRL of this thruster to
between 4 and 5 [160] to satisfy flight qualification environment
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testing. The NASA-457M v2 test campaign also confirmed that
HET design scaling is well-understood. The thruster in this test,
however, was limited by cathode design limitations as the one used
during this test could not operate at the performance requirement of
100 A for extended time periods [160]. The motivation for the
NASA-400M was primarily focused on high-power, high-voltage
operation on krypton to achieve I, 4is values up to 5000 s. The
outcome during the NASA-400M tests was our ability to scale
thruster power levels on propellants other than xenon.

HET magnetic shielding is a recent technological advancement
that has ultimately reduced the physical degradation of the discharge
channel and other critical components yielding longer operational
lifetimes. Magnetic shielding has been investigated since the early
2010s and was first achieved and characterized on the BPT-4000 H all
thruster during a qualification life test in which channel erosion
essentially ceased after 5600 h of operation [162]. The results from
this effort were transitioned into the midpower XR-5 Zero—Erosion™
thruster design [163]. Soon after, magnetic shielding was formally
implemented and studied on the 6 kW HO6MS laboratory thruster
serving as a testbed for future thruster designs [164]. The theory
behind magnetic shielding is beyond the scope of this review paper
and best explained in [165]. In this review, we identified many high-
power HETS that have implemented magnetic shielding design fea-
tures such as the HERMeS [87], H9 [138], N30 [166], and HT20k
[93]. The main result of this advancement is that discharge channel
erosion concerns of high-power HETs have been mitigated for future
flight applications.

2. Cathodes

The recent technological advances for cathodes are increased
discharge current performance, emitter material characterization,
and heaterless ignition methods for high-power EP thruster opera-
tion. Initial efforts in producing higher discharge current cathodes
were associated with excessive erosion and thermal fatigue of critical
components after long-duration operations [167]. Early work on a
90 A cathode indicated that erosion could be minimized using
improved cathode orifice geometries for continuous operation lasting
more than 100 h [167]. However, generating these high currents still
resulted in cathode orifice tip temperatures between 1300 and
1400°C and above the 1150°C recommended threshold for
>28,000 h operational life of BaO-W cathodes [168]. Various pub-
lications show that increasing the cathode flow rate, small cathode
orifice diameters, and reduced thermal conductivity of the emitter
material all contribute to higher orifice tip temperatures, thereby
reducing cathode lifetime [168-170]. Kamhawi et al. considered
these factors and produced a 100 A BaO-W laboratory cathode with
a measured tip temperature of 1132°C with a theoretical lifetime of
30,000 h [168]. Similar efforts have been made for LaBg cathodes,
which have proven steady-state discharge currents up to 300 A at the
expense of higher cathode orifice tip temperatures approaching
2300°C [171]. The elevated temperatures observed in high-amper-
age LaBg cathodes require more heat-resistant components such as
the sheathed heaters used for ignition [171].

Improved characterization of the cathode emitter material is
another advancement that addresses the high-current levels and
ignition energy requirements of high-power thrusters. As discussed
in Sec. II, the two commonly used emitter materials are BaO-W and
LaBg¢. Emission current density and chemical reactivity are the two
main factors that distinguish the two emitter types. The emission
current density is a material property of the emitter that quantifies
how much electron current it can generate per unit area as a function
of its surface temperature. The chemical composition of these therm-
ionic emitters, which is used to characterize the emission current
density, is inherently affected by its environment. Formally, this is
known as cathode poisoning and can decrease the operational life-
time of the cathode [19]. Thus, the chemical reactivity of the emitter
material as it interacts with its local environment is important to
understand [172,173]. The LaBg emitter is a compelling option
due to its high emission current densities in the 20-30 A/cm? range
at a thermionic emission temperature greater than 1500°C, it is

chemically resilient to propellant impurities and exposure to air
during ground testing [171], and it has flight heritage aboard many
Russian EP platforms. BaO-W has been extensively characterized
as an emitter for high-current cathodes up to 150 A due to its
low work function, a material property that is proportional to its
thermionic emission temperature that is empirically determined.
BaO-W’s low work function in the 2 eV range has demonstrated
high emission current densities at temperatures less than 1000°C,
requiring less input energy for ignition when compared to LaBg.
This lower emission temperature alleviates technical and fabrica-
tion challenges in the cathode heater component that often repre-
sents a single-point failure for thrusters. Chapter 6 in [19] contains
the emission current density as a function of T, plot for various
emitter materials and can help supplement the information provided
in this section.

Due to BaO-W’s susceptibility to impurities in the propellant and
complex chemical reactions at the surface and within the emitter
substrate, handling and operating on BaO-W requires increased
precautionary measures, which translates to higher program costs
and time. Several investigations characterizing the performance of
the two emitters have been conducted to date. In fact, two high-
current cathodes were developed for the HERMeS thruster, one of
each emitter material, to compare and contrast their performance
[174]. The two cathodes had their performance well documented in
[174,175]. This improved understanding of emitter materials’ prop-
erties has allowed us to develop flight-representative cathodes for
high-power thruster applications.

The ignition method for high-current cathodes is an important
technological advancement in the high-power regime. Cathode
ignition is the operational step where plasma is created inside the
cathode tube before being extracted through the exit orifice by the
electric field generated by the keeper electrode. A minimum amount
of energy must be supplied to the cathode for plasma ignition based
on cathode gas flow rate and its internal geometry. Developers
typically characterize the input energy using ignition voltage—
ampere curves for different flow rates as given in [175-177].
Therefore, ignition is a critical operational aspect of high-current
cathodes required for successful thruster operation. More impor-
tantly, the ignition method of cathodes is a high-risk segment limit-
ing the overall lifetime of the EP string. As part of this effort, many
developers have made significant progress in mitigating this risk
and providing alternative design options for cathode ignition.
Currently, the two main ignition methods are heater and heaterless
cathodes. Heater-based cathodes require energizing a resistive
element inside the cathode that raises the emitter temperature to
the thermionic emission temperature. Heaterless cathodes energize
the keeper electrode and rely on pressure-induced breakdown [178].
Heater-based cathodes pose a significant risk due to thermal fatigue
of the resistive element after being cycled multiple times in operat-
ing the thruster throughout the mission lifetime. Both heater and
heaterless cathodes are being developed, with heater-based catho-
des being the majority. Of particular interest is the heaterless high-
current cathode as it is less complex in design and mechanical
assembly and ultimately bypasses the inherent reliability of the
resistive element in heater-based cathodes [178]. Within this subset
of high-current cathodes, only a few organizations have made
significant progress in characterizing the discharge current perfor-
mance up to 55 A.

The EP community has successfully developed various high-cur-
rent cathodes that incorporate many of these advancements. From the
thrusters catalogued in the Appendix, the discharge/beam current
ranges between 3 and 250 A. Thus, we thought it prudent to share
10 high-amperage laboratory prototype cathodes, in addition to those
presented in Table 9, that have been developed to support the
increased I in Table 12. This information suggests a healthy
abundance in high-current cathode research at an international level
and on propellants other than xenon.

3. Power Processing Unit

The recent technological advances for PPUs are power semicon-
ductors in switch-mode DC/DC power converter electronics, PPU
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Table 12  Additional high-current cathodes in ascending 7 4;¢

Cathode Tgis, A Emitter material Ignition type Compatible propellants Developers References
UoS-HHC 1-30 LaBg¢ Heaterless Xe, Kr, Ar University of Southampton [178]
Mark IT 25 BaO-W Heater Xe NASA GRC [179]
HC20 5-30 LaBg Heater Xe, Kr SITAEL [180]
TDU-1 (HERMeS) 7.5-31.5 LaBg Heater Xe JPL [175]
—— <40 LaBg Heater Ar Institut fiir Raumfahrtsysteme [24]
HHC-M50M4 15-55 BaO-ScO-W* Heaterless Xe Kharkov Aviation Institute [157,181]
B 5-60 LaBg Heater Xe JPL [171,175]
_ 30-70 LaBg¢ Heater Xe CNRS ICARE [182]
HCPEE 625 1-100 —_— Heater Xe, Ar Electric Propulsion Laboratory [136]
HC60 20-100 LaBg Heater Xe, Kr SITAEL [180,183]
—_— 50-150 BaO-W Heater Xe NASA GRC [168]

“HHC-MS50M4 cathode emitter material is composed of tungsten matrix impregnated with barium scandate oxide (BaO-ScO-W).

control logic and programmability to meet various thruster operating
points, and power supply modularity in PPU architectures. First, we
discuss switch-mode DC/DC power converter topologies and how
they may be utilized in sizing the PPU for high-power EP thruster
applications as background for the reader. Generally, a switched-
mode DC/DC power converter changes the input voltage to the output
voltage required by the electrical load. It is called “switch-mode”
because the converter essentially uses a power semiconductor called
a transistor to transfer energy by switching between two separate
circuits to the load over a short time interval. The thruster, regarded as
the electrical load, may require nominal discharge/beam voltages in
the range of 300-6650 VDC. Thus, at a high level, the PPU must
consist of a DC/DC converter that is able to step up the spacecraft
bus voltages available, shown in this review to be between 36 and
160 VDC, to the operating voltages of the thruster. In practice,
PPUs achieve these voltage conversions using various types of
electrically isolated topologies like the buck, push-pull, full-bridge,
and Weinberg, to name a few.

Recent technological demonstrations in power semiconductors
show promise in their ability to support high-power thruster oper-
ations. Silicon metal-oxide-semiconductor field-effect transistors
(Si MOSFETs) are commonly used power switches in DC/DC
power converters. However, the EP community has experimented
with other types of power switches, such as silicon-carbide MOS-
FETs (SiC MOSFET) and silicon-carbide junction field-effect tran-
sistors (SiC JFETs). Two PPU prototypes using these transistor
derivatives were identified in our review. Fink et al. developed and
tested a PPU prototype that utilized ten 1 kW DC/DC discharge
supply modules using SiC MOSFETs to operate the 6 kW H6
thruster [184]. The result of this activity showed that SiC MOS-
FET-based power modules could be stacked in parallel to output a
constant power of 3.2 kW with #ppy>97% [184]. The second PPU
prototype example is provided by Reese et al., who produced a
3.8 kW SiC JFET PPU specifically for high-voltage HET applica-
tions [185]. SiC MOSFETs have a higher breakdown voltage that
can allow them to process more power from a high-voltage source
and lower on-resistance values that can reduce conduction losses
than comparable Si MOSFETs [185]. However, SiC MOSFETs are
known to fail under single event effects in the MeV energy range.
We also found active research in gallium nitride FETs (GaN FETs)
for lower power DC/DC converters [186]. A good summary of the
SOA of transistors and diodes as well as their application in PPU
breadboard prototypes is given by Piflero et al. [187]. The most
notable outcome from this work was a 15 kW SiC MOSFET bread-
board discharge supply that was operated with the NASA-300M
over a range of 3—-15 kW and efficiencies >97% [187]. As a result
of these efforts, power transistor technology is a recent advance-
ment enabling PPU’s to meet thruster input power requirements in
the high-power regime.

Next, we consider the programmable control loop techniques for
operating the EP string stably. We focus on the load characteristics
between all string segments and the PPU. Both digital and analog

filters must be implemented to minimize electrical noise sources
throughout the string. Programmable digital control loops allow the
user to configure parameters like mass flow rates to the anode and
cathode(s), V gis, Lgiss Vieams Ibeam» and associated gain coefficients for
a given PPU and thruster design. The flexibility of such control loops
makes it easier for users to throttle the string in orbit to other opera-
tional points, given unplanned changes in spacecraft power avail-
ability. This is important because high-power thrusters have much
wider performance envelopes and can operate over a range of volt-
ages and currents as given in the Appendix. Second, design mod-
ifications can be made to both the PPU and thruster hardware during
the flight qualification phase only, requiring the user to properly tune
the digital control loop for the new set of output impedances and
voltage/current ripples. Alternatively, the same PPU can be config-
ured to operate another thruster altogether via control loop program-
ming. An example of this technology development can be seen in the
AEPS PPU, in which the digital control loop gain settings were tuned
to reduce the discharge voltage ripple by 50% [104]. Ultimately,
digital control loops facilitate PPU-thruster compatibility and allow
us to access other throttle points within a thruster’s operating
envelope.

Another advancement is in the design of the PPU architecture
using modular power supplies to meet the high-power, high-voltage
requirements of thrusters while maintaining PPU efficiencies above
95%. This is not exactly a technological advancement as this
building-block concept has been implemented in heritage PPUs
employed on NSTAR, XPC, PPU-140, XR-100, and many more.
However, this PPU architecture approach must now be able to
address the increased discharge voltages of high-power HET's from
300 to 1000 V and beam voltages of high-power GIEs from 900 to
6650 V. To support these higher electrical demands, developers
have made much progress in designing power modules that can
serve as building blocks to meet the increased voltage and current
requirements. An early application of this concept was in the
preparation of a breadboard PPU for the multi-kilowatt operation
of the NASA-457M and NASA-173M HETs. A prototype 1 kW
discharge power module weighing 0.765 kg was designed, built,
and tested on the NASA-120M at 300V/3A with an efficiency
greater than 96% [188]. The same is observed in the early design
of the NEXT PPU that uses six parallel stacked 1.1 kW power
modules [189]. A more recent example of this concept is given by
the AEPS PPU that uses four 3.3 kW power modules to supply the
600 V and 20.83 A input power level for the thruster [104]. Mod-
ularity is also advantageous from a programmatic perspective as the
PPU can be sized with flight qualified power modules instead of
undergoing an entirely new PPU qualification program for missions
that require different thruster power requirements. Thus, modularity
also accommodates changes in thruster design and/or operating
conditions as power supply modules can be added or withdrawn
from the PPU segment and ultimately shorten the flight qualifica-
tion timeline and reduce risk.
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4. Propellant Management System

The recent technological advances within the PMS segment that
have enabled high-power EP strings are increased anode flow rates,
versatile cathode flow fraction flow controllers, and alternative pro-
pellant testing. We focus on the anode flow rate range as it is the
largest flow rate when compared to those of the cathode and neutral-
izer. Furthermore, the anode flow rates of HETs tend to be an order of
magnitude larger than those of GIEs; thus, we focus on PMS seg-
ments catering to HETs. From this review, we noted that many of the
available flow controllers with flight heritage could operate at higher
xenon flow rates with slight modifications if any. As an example, we
consider the PMS segment of AEPS that is a derivative design of the
original Xenon Flow Control Module (XFCM) developed by
VACCO for midpower EP thruster applications in 2012 [6]. The
original XFCM was flight-qualified as an all-inclusive, two-channel,
closed-loop feedback PMS specifically for HETs operating on xenon
with a maximum anode flow rate of 7.9 mg/s [41]. However, the
XFCM has been modified to achieve AEPS’s anode flow rate range of
8-24 mg/s of xenon [6]. Two other examples include the RIT 2X and
the T7 PMS segments that are also a derivative of previously qualified
and commercially available flow control unit [12]. Lastly, Soendker
et al. developed a low-cost PMS architecture to meet the X3’s total
flow rate of up to 250 mg/s [115]. The primary objective in the design
of the XR-100 PMS segment was to reduce the manufacturing cost of
the unit by avoiding specialty machining processes and favoring
larger tolerances for ease in assembly. In all these cases, the techno-
logical advancement of increasing the flow constrictor size to meet
the increased flow rate ranges is well understood. Implementing this
design modification is a low-risk activity given the well-defined
qualification process of the PMS segment. This is an important fact
to consider as a streamlined qualification process for these flow
controllers facilitates the hardware maturity for high-power EP string
applications. A representative qualification test matrix for the PMS
segment that includes typical mechanical and thermal requirements
can be found in the work of Cardin et al. qualification paper of their
advanced XFCM [41].

Versatility in achieving different cathode flow rates for HETs is a
recent advancement that may help address stability concerns for high-
power thrusters. Lenguito et al. have developed and tested a xenon
flow controller with a wider total flow rate range between 3 and
23 mg/s and the ability to support two cathode-flow-fractions (CFF),
5 and 9%, depending on the thruster operating condition [190]. The
innovative flow controller endured SIT with a representative 4.5 kW
SPT-140 string and successfully demonstrated its ability to switch
between a CFF of 9-5% as the anode flow rate increased past a critical
value of 6.05 mg/s. This is important because until now, most PMS
flow controllers are sized to operate at predetermined flow rates and
are not configurable. Adjustable CFF flow controllers like this can aid
in our ability to conduct HET thruster stability studies at higher input
powers.

Alternative propellants have been utilized in past test campaigns
for high-power EP thrusters. From our literature review, krypton is
the leading alternative propellant. The high-power HETs with
krypton performance characterization data are H9 [191], NASA-
300M [134], NASA-400M [99], NASA-457M v1[161], BHT-8000
[141], BHT-20k [142], and the HT20k [93]. The second most tested
propellant is bismuth and utilized by all the high-power TAL-type
devices. The SOA in bismuth flow controllers is the breadboard
prototype developed for the 36 kW VHITAL-160 R&D program
demonstrating 5.8-9.8 mg/s [192]. Only one high-power HET
was tested on iodine, the BHT-8000, with thruster performance
measured up to 9 kW and flow rates between 9.7 and 21 mg/s
[193]. Some PMS manufacturers have publicly announced inves-
tigative efforts in developing a baseline PMS design compatible
with krypton for moderate anode flow rates. As an example,
Harmann et al. introduce the miniaturized flow control unit
(uFCU), a flow controller compatible with krypton as well as other
working fluids [194]. However, performance metrics of krypton-
based PMS flow controllers specific to high-power EP applications
are rare.

VII. Gaps in the SOA of High-Power EP

In this section, we identify the gaps in the current SOA of high-
power EP. Gaps are defined to be areas of research where further
investigation is needed to make high-power EP a viable propulsion
option for future missions. The seven main gaps are structural design
and scalability of high-power thruster, facility effects on thruster
performance, enhanced plasma diagnostics appropriate for higher
power thrusters, thrust measurement uncertainty and statistics, PPU-
thruster dynamics, performance characterization on propellants other
than xenon, and high-current cathode performance assessment.

A. Structural Design and Scalability of High-Power Thrusters

The community needs to assess the structural and thermal design
of thrusters and their ability to pass qualification testing as they
continue to scale up in power for a range of mission applications.
This is made significantly more challenging by the lack of a suffi-
ciently mature spacecraft design, immature (if known at all) gimbal
mechanisms that serve as the primary path for thruster dynamic
loading, and a likely wide-ranging set of potential launch vehicles
and mission profiles at the same time the thruster is being designed.
These factors collectively contribute to complicating the thruster
mechanical design envelope, which results in increased mass
and cost.

From this perspective, the EP community must consider efforts
aimed at developing modeling and simulation techniques capable of
pinpointing potential thermal issues regarding heat deposition on
critical thruster components, stresses/strains and displacements
under dynamic loading, and single-point failure modes. We have
successfully applied scaling laws to HETs and GIEs; however, little is
understood regarding the practical limitations of these larger designs
with respect to the material integrity of the components used in the
assembly and manufacturability of the thruster. For example, a high-
power HET with a larger-diameter boron nitride channel may face
challenges as it endures mechanical qualification tests such as ran-
dom vibration. The structural problem is most readily observed when
learning about the design evolution of the NASA-457M v1 to v2 in
2004. It was found that commercial boron nitride vendors were
limited in the single-piece manufacturing of the 0.457 m outer
diameter of the discharge channel [195]. A segmented boron nitride
channel was developed for the initial version of the NASA-457M,
adding mechanical complexity to the 50 kW HET. Another issue
encountered in this program was the displacements of structural
components once exposed to high-temperature regions during
thruster operations. As thruster discharge power levels increase, more
heat is deposited via the current-carrying wires and along the plasma-
exposed surfaces such as the discharge channel. Jacobson et al.
discuss the use of finite element thermal models to estimate ther-
mal-induced stresses on various components and validated these
models by conducting experiments instrumented with thermocouples
for the NASA-457M and NASA-173M HETs. It was found that the
inner ceramic ring of the NASA-457M can reach temperatures near
800°C after 3.5 h of steady-state operation at 50 kW [153]. The
lessons learned in NASA-457M v1 were incorporated into the design
of version 2 and validated in [160]. Another approach to address the
structural scaling of HETSs has been to reduce the total surface area
and mass of the thruster by nesting concentric discharge channels as
implemented in [139,195,196]. Regardless, testing high-power EP
devices at steady state in vacuum facilities may limit our ability to
experimentally detect these issues and require advanced modeling
techniques as a supplement.

Thermal effects on the thruster design and neutral gas flow are
another research gap. From experience we know that high-power
thrusters encounter thermal challenges as both power and voltage are
increased. The higher power density must be rejected to keep critical
thruster components like permanent magnets in GIEs and the electro-
magnets and ceramic discharge chamber of HETs from exceeding
material allowable and qualification limits. Increased thermal radia-
tion through high emissivity features and coatings as well as leverag-
ing spacecraft capability to conduct and radiate heat from high-power
thrusters are a few means to address these thermal challenges. As
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P, increases, so does the temperature profiles of the anode, which
typically serves as the gas distributor for many EP devices. The
neutral gas inlet temperature is proportional to the temperature of
the thruster discharge chamber and, thus, increases in time until it
achieves thermal equilibrium. Elevated neutral gas temperatures
increase the thermal velocity of xenon atoms, thereby affecting
discharge oscillations. The EP research community will need to
consider how higher thermal velocities of the gas affect ionization,
acceleration zones, and discharge oscillations as this directly
influences performance in thrust and stability of HETs.

Electromechanical issues also arise due to the higher voltages
used in high-power EP thrusters. The NASA-400M experienced
anode isolation problems during 600 V operations [99]. Visible arc
damage to internal components was also observed in the postin-
spection of the NEXIS ion thruster [96]. As thrusters increase in
power, proper electrical isolation should be included in the design.
If not done properly, stray current pathways may alter the measured
performance of the thruster. Based on this, we believe that a set of
best practices is needed for experimentalist in academia and man-
ufacturers in the industry to verify the electrical configuration of the
thruster during ground-based testing and thruster performance data
reduction.

B. Facility Effects on High-Power Thruster Performance and
Stability

Characterizing the difference between thruster operation in ground
test facilities and the space environment is a research gap for enabling
high-power EP. Given the disparity between the two operating envi-
ronments, the current challenge lies in quantifying the effects vacuum
facilities have on the performance of a thruster and decoupling them
to ascertain its performance in space. These effects are formally
called facility effects and can be divided into three categories:
1) pressure, 2) electrical, and 3) contamination.

The effects that pressure levels inside vacuum chambers have on
the measured performance and stability of thrusters are known as
pressure facility effects. Vacuum chambers are limited by the SOA in
vacuum pump technology, maintaining facility operational pressures
in the 107% Torr range and orders of magnitude larger than the
10~ Torr estimate in GEO orbit [197]. Investigations of this sort
generally consist of varying the facility background pressure either
by injecting propellant via an auxiliary feed system or changing the
number of active vacuum pumps while operating the thruster at a
constant discharge power and voltage condition to obtain thrust
versus facility backpressure curves [82,198]. These curves are used
to extrapolate thruster performance at zero pressure as an estimate of
the performance in the space environment. Studies on midpower
HETs show that elevated facility pressures allow the thruster to ingest
the background neutral gas as propellant, thereby augmenting the
measured thrust. Recent investigations by Snyder et al. show that
SPT-140 thrust measurements increase from 278 mN to almost
300 mN as the facility pressure increased by an order of magnitude
at the constant 4.5 kW, 300 V operating condition [82,108]. In
addition, elevated facility pressures can also enhance erosion rates
of thruster components due to larger populations of charge-exchange
(CEX) ions, change plasma properties of the thruster plume, affect
discharge oscillations, and vary the location of the acceleration zone
in HETs [199-201].

The sensitivity of high-power thrusters to elevated facility
pressures is not well-understood. Only three high-power HETs
have undergone pressure facility effects characterization experi-
ments. HERMeS TDU-1 and AEPS behaved similarly in that both
thrust and discharge oscillations were largely invariant to facility
backpressure as the pressure was controlled between 4 and
15 % 107% Torr-Xe at the 12.5 kW, 600 V throttle point. Thrust
measurements then decreased as the facility backpressure was
elevated to the 10~ Torr-Xe range. However, thrust measurements
monotonically decreased as facility pressures increased for other
throttle points such as 9.7 kW, 800 V, contrary to the behavior
observed in midpower thrusters [202]. The 20 kW HT20K exhibited
the opposite trend as thrust measurements increased when facility

backpressure increased with no adjustment to m, [198]. For high-
power EP qualification testing, facility operational pressure require-
ments should be revisited as well as the standard processes currently
employed for quantifying CEX ion effects on thrust measurements,
plasma diagnostic measurements, discharge oscillations, and ero-
sion rates.

Studies of electrical facility effects focus on the electrical configu-
ration of the thruster-cathode system and the resulting coupling
between its plasma plume and the surrounding metallic vacuum
chamber. The electrically grounded facility imposes a voltage
boundary condition of 0 V that the plasma plume must satisfy at
the chamber wall that is absent in the space environment. Thus,
conductive vacuum chambers alter ion—electron recombination
pathways in ground-based testing as electrons emitted from the cath-
ode can complete the main plasma discharge circuit via a current
pathway through nearby chamber surfaces and effectively neutralize
the ion beam without having to do so in the exhausted plume. It was
first shown by Walker et al. that a 3.4 kW HET’s discharge electrically
couples to the conductive chamber walls as a function of the relative
position of the cathode with respect to the HET centerline registering
global changes in plume properties and discharge oscillations behavior
[203]. Consequently, as the discharge current of a thruster increases, so
will its degree of electrical coupling to the grounded chamber walls,
impacting its performance, measured plume properties, and discharge
oscillation behavior. The HERMeS TDU-1 is the only high-power
thruster that has engaged in efforts aimed at characterizing the elec-
trical configuration of the thruster with respect to a grounded vacuum
chamber. Peterson et al. showed that HERMeS TDU-1’s electrically
conductive thruster body, composed of graphite, and its electrical
configuration with respect to the chamber and cathode influence
performance in thrust, total efficiency, and peak-to-peak discharge
oscillations. For the graphite thruster body tied to chamber ground test
case, thrust and total efficiency increased by 4 and 5%, respectively, at
the 12.5 kW, 600 V discharge condition accompanied by the largest
peak-to-peak discharge current oscillation of 18 A [204]. And although
the grounded thruster body configuration is not representative of flight
operation, it should compel the EP community to assess the physics
enabling the enhanced thruster performance in electrically grounded
test facilities.

The study of residual gases and backsputtered materials inherent
in vacuum facilities and their impact on thruster operations and
lifetime are called contamination facility effects. Previous work has
shown that residual gases such as air constituents and hydrocarbons
have artificially reduced thruster erosion rates by developing a
protective layer over GIE screen grids, cathode keeper electrode,
or HET discharge channel surfaces [205]. Efforts by Garner et al.
were the first to document a decrease in the erosion rates of
NSTAR'’s screen grid optics by a factor of 20 due to the presence
of 2% N, by mass in xenon flow rates in 1990 [206]. In addition,
sputtered material from chamber surfaces like graphite, a crystalline
form of carbon, that deposits back onto the thruster have also shown
to reduce grid and discharge channel erosion rates. This process,
known as backsputtering, becomes increasingly important for high-
power thrusters with beam/discharge voltages in the kilovolt range
because energetic ions exhausted from the thruster will impinge on
various chamber surfaces, thereby generating higher concentrations
of sputtered material within the facility. The sputtering yields of
graphite, stainless steel, and aluminum all increase by a factor of 4
as the ion energy increases from 200 to 600 eV [207]. Furthermore,
the buildup of backsputtered, electrically conductive material on
thruster electrodes may even lead to electrical shorts on grids or
spark events in HETs during thruster operation [208,209]. An
accelerated carbon backsputtering test campaign captured more
than 3000 spark events on the HOMS, with some leading to anoma-
lous thruster shutdowns [209].

Various analytical models have been developed to estimate the
sputter yield of materials as a function of ion energy levels and
vacuum facility wall composition and geometry, backsputtered car-
bon deposition rates, and carbon film growth on thruster surfaces
[199,207,210]. These models are compared against measured back-
sputtered carbon deposition using quartz crystal microbalance
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(QCM) sensors [209,211]. The design, thermal management, relative
position with respect to the thruster, and sampling frequency of QCM
devices have varied across test campaigns, with the most insight
provided by Crofton et al. [211]. Many high-power GIEs have
endured carbon backsputtering effects on grid erosion rate studies
[207,211]. The H6MS and HERMeS TDU-1 were the only high-
power HETs that have engaged in such investigations [92,209].
Although there is some progress along this front, there is no con-
sensus on the best practices for measuring backsputtered carbon
deposition rates, acceptable facility wall lining materials, or facility
internal structure geometries to minimize these contamination effects
on thruster lifetime assessments. Alternative methods such as pump-
ing on or containing sputtered contaminants may be attractive options
as the community shifts toward high-power EP.

C. Plasma Diagnostics with High-Power Thrusters

As we continue to scale up in high-power thrusters, we believe that
it is essential to revisit the plasma diagnostics required to assess the
performance of these devices. The five most used invasive plasma
diagnostic probes are ExB or Wien filter, Faraday, Langmuir, retard-
ing potential analyzer (RPA), and emissive. We should revisit the
assumptions and limitations of utilizing such probes to characterize
the plume properties of the plasma jet exhausted by high-power EP
devices. First, we determine which plasma state properties remain
constant as we scale up in power. We note that the plasma density of
the plume and the electron temperature are independent of thruster
input power. The plasma number density remains relatively constant
even though the thruster exhausts more mass; it does so with a higher
volumetric flow rate that also scales with 7, for high-power EP
devices. The electron temperature is determined by the plasma
potential that can be shown to be approximately constant for HETs
operating at the same discharge voltage. Based on this, we have
determined that the ion energy distribution, as measured by an
RPA, and ion species population, as measured by the ExB probe,
to be the plasma properties that change as at this power regime.

As we test higher power EP devices, the increased vacuum facility
pressures not only affect the plume via elastic and inelastic collisions
with background neutrals but will also affect the sheath formation
inside RPA and ExB probes challenging the current theory and
analysis of the plasma state. Consider the geometry of a typical
RPA probe, with a focus on the segment between the collector
electrode and the ion repulsion grid. As the background facility
pressure increases, the neutral number density within this segment
will increase. As ions originating from the thruster flux through the
ion repulsion grid, the number of charge exchange collisions will
increase in this segment. The collector will eventually register both
CEX ions and the original thruster ions without being able to dis-
tinguish between the two. Therefore, measuring the ion energy
distribution will be difficult. In a higher facility pressure environ-
ment, the high-energy ions fluxing through the ExB probe will collide
with thermal neutrals inside the probe cavity. In these events, the
charged particles will be influenced by the Lorentz force. The net
effect is that a sheath will form between the two electrodes, generat-
ing an electric field in the main cavity. This will result in attenuation
and ultimate blocking of the external electric field, thus causing
incident thruster ions to only experience the magnetic field effects.
The sheath physics of ExB probes and higher power thrusters
will affect our ability to appropriately measure the ion species
distribution.

D. Statistical Analysis of High-Power Thrust Diagnostic

There is a significant gap in the community’s general practice of
thrust diagnostics for measuring the performance of high-power
devices. Furthermore, thrust measurements are necessary to quantify
total efficiency and specific impulse—metrics important to mission
designers and satellite operators. The two leading thrust diagnostics
used in EP are the null-type inverted pendulum and the torsional-
balance-type thrust stands [212]. Throughout our review, we seldom
encountered publications with an adequate discussion of uncertainty
regarding thrust measurements. In the few papers that did include

thrust measurement statistics, usually uncertainty attributed to equip-
ment random error is considered. The application of rigorous statis-
tics to experimentally determined thrust values is needed to better
quantify the implications of changes in thruster design, magnetic
field topology, cathode placement, flow rates, thruster body materi-
als, facility pressure, and/or facility electrical boundary conditions to
name a few. Secondly, it is not clear if the current SOA of thrust
diagnostics is well-suited for high-power life tests. Therefore, we
believe that the EP community should develop a standard for quanti-
fying the uncertainty in thrust measurements to enhance our under-
standing of the sources of error contributing to overall performance.
Such a formal uncertainty analysis requires a systematic breakdown
of all the error sources associated with the diagnostic in both short-
and long-duration experimental measurements.

In 2018, Mackey et al. published a conference paper providing a
framework for quantifying the uncertainty sources and propagation
for a null-type inverted pendulum thrust stand [213]. However, the
study does not investigate thrust stand repeatability and only consid-
ers single-measurement sources of error. A similar study for a tor-
sional balance or hanging pendulum thrust stand was not found
during this review. As the community shifts to higher power thrusters,
we recommend revisiting the sources of error in the diagnostics used
and environmental factors such as facility operating pressure,
elevated thruster temperatures, and electrical boundary conditions
imposed by the facility and thruster hardware.

E. PPU Architectures and Thruster Dynamics

Another gap is in our understanding of PPU-thruster dynamics at
higher power levels. The PPU will have to mitigate higher power
noise disturbances such as discharge current oscillations generated
by high-power HETS. To this end, advanced control methodologies
for power supplies are needed to handle these larger disturbances in
discharge currents. Additionally, the high switching frequencies of
PPU power converters coupled with thruster discharge oscillations
will ultimately be a source of conducted and radiated EMI. We
recommend investigating the effects of the emissions generated by
both these power converters and time-varying plasma properties
evident in high-power devices on overall thruster performance and
the spacecraft. One way to control thruster oscillations was demon-
strated in 2015 by Tamida et al., who discovered that HET discharge
current oscillations would synchronize to the frequency of a time-
varying input voltage signal [214]. The study utilized a modified DC/
DC boost converter circuit to superpose a 50 V square waveform with
the nominal 200 VDC voltage output. This demonstration showed
that HET discharge current oscillations may be controlled by the PPU
if it is designed to output variable discharge voltages with frequencies
in the range of the discharge oscillations. In controlling the HET
oscillations, the efficiency of the thruster was also shown to increase
[214]. Although not practical in the design of PPUs for flight appli-
cations, this experiment may enhance our understanding of PPU-
thruster dynamics and control.

There is a need to improve the specific power of converters as the
overall PPU mass is projected to increase as thruster input power
levels increase. We recommend focusing on reducing the mass and
footprint of the magnetics as they can account for 30—40% of the PPU
mass. To this end, design trades between magnetic material geometry
such as ferrite E and drum cores, inductance, mass, PPU efficiency,
and magnetic material temperature limits are required. Additionally,
advances in wide-band gap power devices (e.g., GaN FETs, SiC
MOSEFETs, and Schottky diodes) provide high levels of efficiency
with a smaller footprint. Mass and volume savings can also be
obtained by leveraging recent advancements in passive electrical
storage devices like capacitors.

In our discussion of the PPU segment thus far, we have assumed a
DC spacecraft bus regulated down to a moderate voltage supplied by
solar arrays, but there are alternative methods of spacecraft power
generation that ultimately affect the PPU architecture. As an exam-
ple, for AC spacecraft power buses, the PPU segment design must be
reconsidered to support high-power EP strings. In 2005, Piiiero et al.
designed, fabricated, and tested an AC/DC power converter for the
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30 kW Herakles GIE prototype assuming a fission-based AC power
source aboard the Prometheus-1 spacecraft [215]. The outcome of
this effort was a breadboard AC/DC PPU that takes in three-phase
400 & 40 V AC at 2.25 kHz and outputs the DC voltages necessary
to operate the Herakles thruster. When tested at 17.5 kW, the beam
supply was able to convert 400 VAC to the 6500 VDC at an efficiency
>94% [215]. This design posed different challenges to the PPU
segment developers as they needed to balance electromechanical
design complexity of AC/DC converters versus output DC power
for GIEs. Design trades included transformer sizes, diode rectifier
modules, and output capacitor sizes. Performance focused on
minimizing output voltage and current ripple for DC thruster
operation [215].

Another example different from the regulated DC spacecraft
power bus is powering EP strings directly from the solar arrays,
thereby reducing PPU segment complexity and mass. This concept
is known as “direct-drive” and was demonstrated by Gooder as early
as 1977, first with a 30 cm, mercury-based GIE in [216] then again by
Hamley et al. on a 1-kW-class HET in 1997 [217]. The primary
challenge in these applications was the large perturbations in the
solar array [-V characteristic curves when operating the HET.
However, three recent direct-drive demonstrations show its promise
as an alternative power option. In 2011, JPL was the first to report
stable direct-drive operation of the H6 HET over Vg range of
200-450 V and power levels between 1 and 10.4 kW [218]. Soon
after, Piflero et al. developed and tested a breadboard level direct-
drive unit (DDU) for a 300 V HET in 2013 [219]. Most recently,
Rezaetal. successfully demonstrated direct drive on the 5-kW-class
HET, HT5k, using a solar simulator to assess the feasibility of this
power option as solar array power production varies throughout
mission orbit [220]. Our recommendation is to investigate and
understand the feasibility of implementing these new PPU archi-
tectures, such as direct-drive, to high-power thrusters at power
levels >10 kW and orbits beyond GEO.

PPU segment should reconsider the fault detection, recovery, and
recycle circuitry to protect high-power thrusters and the PPU from
short-circuit faults. Short-circuit faults in GIEs, commonly known as
recycles, are caused by electrical short across the grid electrodes
causing the high voltage from the PPU to restart. Faults in HETS,
sometimes referred to as spark events, are a result from abrupt
reductions in the impedance of the main discharge causing the
discharge to extinguish. From extensive experience in on-orbit oper-
ations, the EP community already practices FDIR circuitry in PPUs to
manage short-circuit faults when operating midpower thrusters. In
fact, GIEs often short between grids in high-thrust mode. An excel-
lent example of this can be seen in the post-test inspection analysis of
the NEXIS GIE. Snyder et al. recorded a total of 33,000 recycles over
the 2000 h lifetime test when NEXIS was operating at 20.4 kW and
4760 V screen grid condition [96]. For the high operational voltages
and currents in the high-power regime, developers will need to design
PPUs with circuitry to handle these fault events and recover to
constant thruster operations. DC/DC converters typically use primary
current-limit functions to achieve this protection, but alternative
FDIR techniques should be explored to support high-power EP
strings.

F. High-Power Thruster Operation with Alternative Propellants

New propellants should be tested with high-power thrusters to
meet the growing demands of future space architectures. Human
exploration architectures for Mars have considered EP systems in
the hundreds of kilowatts to multiple megawatts and xenon usage in
tens of tons to multiple hundreds of tons. These xenon loads, while
feasible from an engineering perspective, employ long-term stock-
piling contracts that face significant programmatic obstacles [221].
Due to roughly 10x yield from air separation plant production,
alternatives such as krypton have been considered for such high-
propellant need applications. However, krypton does not store as
densely, and the decrease in performance offsets the alternative
propellant benefits from a spacecraft size and packaging perspec-
tive. Additionally, many studies have been conducted on krypton as

a higher specific impulse propellant for HETs. However, extensive
analysis of the performance of HETs on krypton has yet to be
investigated. Green propellants are attractive to meet the hybrid
propulsion requirements of near-future spacecraft designs. The Air
Force has developed a novel green propellant called the Advanced
SpaceCraft Energetic Non-Toxic (ASCENT) propellant and has
demonstrated its viability in space on the Green Propellant Infusion
Mission (GPIM) in 2019. Testing high-power thrusters on
ASCENT would significantly reduce the volume and mass of hybrid
propulsion systems as both chemical and EP subsystems would
operate on the same propellant. We also believe that there is an
opportunity to synergize with the MPDT community, who actively
operate high-power thrusters with propellants such as argon, ammo-
nia, methane, and hydrogen. The proven propellant flexibility of
MPDTs can shed insight on fluid management processes and energy
conversion mechanisms. Ultimately, alternative propellants may
alter the design and operation of high-power EP devices based
on their chemical properties and interaction with the thruster
components.

G. High-Current Cathode Performance Characterization

We believe that the present means of characterizing high-current
cathodes to be a gap as thrusters continue to scale up in power. There
are several high-current density cathodes available for high-power
EP thruster devices; however, their long-term functional character-
istics are not well understood. Aside from AEPS and NEXT-C
cathodes, other high discharge current cathode designs have not
been extensively tested. From our review, we did not encounter a
formally recognized cathode performance test procedure within the
community. When independently testing the cathode, an external
conductive surface serves as the discharge current detector. How-
ever, the electro- and magnetodynamics of electron flow from the
cathode to the detector plate are not reflective of the real thruster-
cathode-facility environment. This is especially a problem when
attempting to understand the plume-to-cathode coupling effect on
thruster and cathode performance. Only recently have cathode
performance test campaigns included Hall-thruster-like magnetic
field effects [222].

Heaterless cathodes as a viable option for high-power EP thrusters
reveal another gap in this review. The risk involved in operating
heaterless cathodes is significantly decreased due to the reduction
in electromechanical parts needed for cathode operation. Operating
an EP string using a heaterless cathode would ultimately reduce the
risk posture of the EP subsystem for mission planning. However, the
community must engage in more studies to determine the lifetime and
discharge current reliability of heaterless cathodes.

VIII. Conclusions

A thorough review of high-power thrusters and EP strings since
1990 with P;, > 6 kW has been presented. Our review identified 46
high-power EP devices: 31 HETSs, 6 GIEs, 7 arcjets, and 2 thrusters
classified as other. The current SOA of high-power HETs ranges from
5.9 to 98.7 kW, 290 to 5420 mN, and 1120 to 3472 s, with total
efficiencies between 57 and 67%. The current SOA of high-power
GIEs ranges from 5.7 to 20.8 kW, 175 to 446 mN, and 3555 to 7650 s,
with total efficiencies between 68 and 78%. High-power arcjets
demonstrate performance between 9.8 and 100 kW, 568 and
4000 mN, 400 and 1400 s, and 14 and 37% total efficiency. Although
many high-power devices exist, there is a significant gap in maturing
high-power thrusters through a fully integrated EP string. As of the
end of 2021, seven EP strings are actively being matured in TRL
and/or undergoing flight qualification programs, whereas only one
has flown at a power level greater than 6 kW. It was observed that
various programmatic factors, such as R&D collaborations, flagship
space missions, and national initiatives to advance the TRL of a
thruster could either support or stymy its transition to an EP string.
The PPU and PMS segments of the string significantly lag the
hardware maturity of the high-power thruster and are at varying
levels of maturity.
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Over the last 20 years, the EP community has primarily focused on
developing and maturing HET's and GIEs from thruster prototypes to
fully operational EP strings. Many technological advancements have
been made in the high-power regime extending thruster lifetime,
design scalability, and modularity of segment components. However,
many gaps exist in the current SOA of high-power EP. The
seven main gaps are structural design and scalability of high-power

thrusters, facility effects on high-power thruster performance and
stability, enhanced plasma diagnostics appropriate for higher power
thrusters, statistical analysis of high-power thrust diagnostics, PPU-
thruster dynamics and architectures, performance characterization on
propellants other than xenon, and high-current cathode performance
assessment. Addressing these gaps will further enable the realization
of high-power EP for future space applications.

Appendix: High-Power Thruster Performance Metrics

Table A1  Current SOA of high-power HETs in ascending nominal P;,
. Hardware
Thruster  Type Propellant  Pi, kW T, mN Tsprors 8 Mot %o 11, mg/s maturity level Developers References
BBM HET Xe 5.98 383 1897 59.8 18.8 EU IHI Aerospace, JAXA  [107,223]
(1.77-5.98) (92.7-392.3) (1400-1940) (47.9-62.7) (4.6-18.8) ISAS
X2 HET Xe 6" 460 1230* 46* 11/27* BB University of [139]
(5-6)* (112-720) (700-2870)*  (25-71)* (4/10-12/30) Michigan, AFRL, JPL
BHT-6000 HET Xe 6° 290 2505 60.5%¢ 11.6° FQ Busek Co., Inc., [8]
Maxar
H6 HET Xe 6.03 401 1950 63.5 19.7 BB University of [137,164]
(1.1-6.2) (84-410) (711-1955) (10-20) Michigan, AFRL, JPL
H6MS HET Xe 6.05 384.2 2000 62.4 18.35 BB University of [164,224]
(6-9.1) (2000-3020) (60-68) (12-19) Michigan, AFRL, JPL
SPT-200  HET Xe 6.15¢ 379¢ 1896° 57.3¢ 19.8° BB Fakel [225]
(2.1-13.4) (135-552) (1423-2980) (44-63) (8-20)
BHT-8000 HET Xe, Kr, 1 8.1 (Xe) 507 (Xe) 1884 (Xe) 58 (Xe) 24.9¢ (Xe) BB Busek Co., Inc. [141,193]
(2-10) (143-508) (1293-3060) (47-63) (9-27.3)
T-220HT HET Xe 9 — — —— —— BB Pratt & Whitney [136,226]
(2-22) (100-1000)  (1300-2600) Space Propulsion
X2 is a nested HET. The discharge power P, discharge specific impulse /g, 4;s, and discharge efficiency #g;, for dual inner + outer channel operation are presented.
PBHT-6000 discharge power Py and discharge efficiency 7, are presented.
¢Calculated from reported data points.
Table A2 Current SOA of high-power HETs in ascending nominal P;,
. Hardware
Thruster Type  Propellant  Pin, kW T, mN Topors 8 Mot> % M, M/ maturity level Developers References
H9 HET Xe, Kr 9.1 Xe)® 391 (Xe) 2950 (Xe) 63.4 (Xe) 12.7 (Xe) BB University of [138,191]
(4.5-9.1)* (290-436)  (1950-2950) (60-63.4)  (12.7-18) Michigan, AFRL,
JPL
NASAT-220 HET Xe 10.39 512.5 2356 57 20.2 BB TRW, Space Power,  [81,90]
(4.6-10.7)  (278-524) (1644-2379)  (46-57) (15.7-22) Inc., NASA GRC
KM-10 HET Xe 10.43° 517 2550 62 19.9° EU Keldysh Research [91]
(1.5-12.5)* (80-590)  (1450-3380)  (38-66) (5-24) Center
XR-12 HET Xe 12.16° 815 1961 64.5° 38.5 BB Aerojet Rocketdyne [64]
(2-12) (232-815) (1100-2300)  (40-65) (10-38.5)
AEPS ETU-2  HET Xe 12.58° 609.3 2811 66.8 20.7° FQ Aerojet Rocketdyne,  [108]
(6.3-12.6)°  (396-609) (1968-2811) (60-66.8) (19-21) NASA GRC, JPL
HERMeS HET Xe 12.64° 612.9 2826 67.2 20.7° EU NASA GRC, JPL [227]
TDU-3 (2.7-13.1)  (167-630) (1760-2897) (51-67.5) (12-28)
D-150 HET/TAL Xe 15 794.3 2455% 64* 33 BB TsNIIMASH [228]
(0.9-15) (68-794)  (886-3099)"  (32-66)* (7.9-33)
SPT-290 HET Xe 18° 1000 2006° — 50 BB Fakel [229]
(12-25)* (420-1100) (1500-3200)  (34-70) (20-50)
HT20k DM2 HET Xe, Kr 20 (Xe)™® 995 (Xe) 2418 (Xe) 63 (Xe)* 39 (Xe) EU SITAEL [230]
(15-22.5)*  (760-1175) (1985-2585)*  (53-63)* (36-60)

“Discharge power P, discharge specific impulse I, 4is, and/or discharge efficiency #g;, values are presented.
“Calculated from reported data points.
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Table A3  Current SOA of high-power HETs in ascending nominal P;,
) Hardware
Thruster Type Propellant  Pin, kW T, mN Liprors S Mot> % M, M/S  maturity level  Developers  References
BHT-20K HET Xe, Kr  20.07° (Xe) 980 (Xe) 2630 (Xe) 63 (Xe) 35.3° (Xe) BB Busek Co., Inc. [142]
(5.2-22.4)  (242-1100) (1430-2630) (49-64) (10-59)
NASA-300M HET Xe,Kr  20.32° (Kr) 840 (Kr) 2909 (Kr) 59 (Kr) 27.4¢ (Kr) BB NASA GRC [134]
(5-20)* (560-860)  (1550-3223) (38-63) (10-51.4)
20.53¢ (Xe) 1018 (Xe) 2701 (Xe) 66 (Xe) 35.4° (Xe)
(2.5-20.3)*  (240-1130) (1470-2916) (45-67) (9.4-52.2)
NASA-300MS HET Xe 20.7¢ 921¢ 2883 63 30 BB NASA GRC, JPL [95]
(2.5-20)* (136-1032) (1800-3130)*  (47-71)* (7-41)
PPS-20k ML HET Xe 22.4 1050 2610° 60 39.6° BB Safran [157]
(2.6-23.5) (70-1060)  (420-2700)* (38-68) (5-43)
TAL-200 HET/TAL Bi 25 1130 3000 67 <38.4° BB TsNIIMASH [231]
(D-200) (10-34) (147-1130)  (2000-5200) (10-38.4)
SPT-230 HET Xe 25% Upto 1070  Up to 3200 —_— _— BB Fakel [232]
TM-50 HET/TAL Xe 25.4 966 3166¢ 59¢ 29.6 BB TsNIIMASH [132]
(2.1-25.4) (147-966) (1270-3166)°  (44-67)* (10-30)
N30 HET Xe 32.4° — — _ —_ BB University of [166]
(16-32.3)° Michigan, JPL
VHITAL-160 HET/TAL Bi 36.8* 618 7667* 63" 8 BB TsNIIMASH, JPL  [192]
(6.7-36.8)* (205-618)  (3500-7667)" (51-63) (5.8-9.8)
“Discharge power P, discharge specific impulse I, 4is, and/or discharge efficiency #g;, values are presented.
N30 theoretical discharge power range presented; only inner channel performance has been measured up to discharge power of 9 kW and reported in [166].
Calculated from reported data points.
Table A4  Current SOA of high-power HETs in ascending nominal P;,
. Hardware
Thruster Type  Propellant  Pin, kW T, mN Tspor: 8 Ny, Yo 7it,, ME/S  maturity level Developers References
D-160 HET/TAL Bi 39.6% 1128 5505* 75° 21.4 BB TsNIIMASH [124]
(20-140)*  (153-1128) (4000-8000)* (60-80)*  (4.4-26)
NASA-400M HET Xe, Kr 47 (Xe) 2118 (Xe) 2995* (Xe) 66 (Xe) 72.1 (Xe) BB NASA GRC [99]
(3.6-47)  (271-2118) (1322-3372)* (46-72)* (20-72.1)
64.5* (Kr) 1915 (Kr) 4377* (Kr) 64* (Kr)  44.6 (Kr)
(5.1-64.5)* (265-1915) (2171-4943)* (47-68)" (11-44.6)
NASA-45TM v2 HET Xe 50.1° 2300 2740 61.7° 79.2° BB NASA GRC [160]
(5-50)* (330-2300) (1420-2740) (51-66) (17-82)
NASA-45TM v1 HET Xe, Kr 72.5* (Kr) 2473 (Kr) 3472 (Kr) 64° (Kr) 66 (Kr) BB NASA GRC [135,161]
(7.8-72.5)* (390-2473) (2039-4495)* (48-64)" (19.5-66)
73.2 (Xe) 2950 (Xe) 2929 (Xe) 58 (Xe)  92.7 (Xe)
(10-73.2)  (371-2950) (1557-2929) (34-58) (15-92.7)
X3 HET Xe 98.7 5420 2340 63 220.7° BB University of [233]
(4.9-101)* (350-5420) (1800-2650) (54-67)  (18-250) Michigan, NASA
GRC, JPL
“Discharge power P, discharge specific impulse /g, 4is, and/or discharge efficiency #g;, values are presented.
"Calculated from reported data points.
Table A5  Current SOA of high-power GIEs in ascending nominal P;,
. Hardware
Thruster Type Propellant Pip, kKW T, mN Topors 8 Mots B 1, ME/S  maturity level Developers References
RIT 2X* GIE Xe 5.65 175 4750 72 34 EU ArianeGroup [13,100,114]
(RIT-22) (2-7.5) (70-215) (2500-6400)
T7° GIE Xe 6.4 250 3555 68 7.2¢ BB QinetiQ, Mars Space [12]
(2.7-6.4) (97-250) (3117-3984)  (66-70) Limited
NEXT-C GIE Xe 6.86 237 4190 71 4.9¢ FQ Aerojet Rocketdyne, [89,234]
(0.53-6.86) (25-237) (1395-4310) (32-70) (1.2-4.9) NASA GRC
IT-500 GIE Xe 17.8 390 7250° 78¢ <5.5¢ EU Keldysh Research Center [94]
(17.8-35) (375-750) (= 7000)* (5.5-11)°
NEXIS GIE Xe 20.4 446 7050 75.7 54 EU JPL [147]
(16-28) (403-531)  (6040-8730) (74-81) (5.1-5.7)
HiPEP GIE Xe 20.8 428 7650 77 4.6¢ EU NASA GRC [97,235]
(6-39.3) (240-670)  (5970-9620)  (72-80)  (3.2-4.6)

“RIT 2X performance is proprietary, so its predecessor, RIT-22, performance data are presented.
"The theoretical performance values of the T7 are presented. The measured performance in T, I
“Calculated from reported data points.

p» and 77, have not been reported.



Downloaded by Mitchell Walker on November 3, 2022 | http://arc.aiaa.org | DOI: 10.2514/1.B38594

1074 JOVEL, WALKER, AND HERMAN

Table A6 Current SOA of high-power arcjets in ascending nominal P;,

) Hardware
Thruster Type Propellant  Pin, kW T, mN Topors 8 Mot> % 1., M/ maturity level Developers References
MARC6  Arcjet H, 9.8 567 1280 36 452 BB Institut fiir [15]
(5-9.8) (493-567) (1112-1280) (36-49) Raumfahrt-systeme
—_ Arcjet NH; 10 1118 650 36 170 BB JPL [236,237]
(3.1-12) (299-1452) (394-730) (29-37)  (43-305)
— Arcjet H, 11.3 742 1200 37 63 BB Electric Propulsion [238]
(7.8-11.3) (34-38) (46-63) Laboratory, Inc.
—_— Arcjet CH, 11.4 588 550 139 109 BB Busek Co., Inc. [239]
(6.2-11.4)  (373-588) (430-590)  (12-15.6)  (76-109)
TT1 Arcjet Ar,N,, H,, 12.8 (Ar) 1500 (Ar) 400 (Ar) 30 (Ar) 300 (Ar) BB BPD, Institut fiir [125]
N,H, (1.3-12.8)  (250-1500) (150-510) (21-30)  (100-400) Raumfahrt-systeme
ESEX Arcjet NH; 27.8 1930 786 26.7 240 FQ Rocket Research Co., [240]
TRW, AFRL
HIPARC-R Arcjet H, 99.7 4000 1400 28 300 BB Institut fiir [241]
(17-107)  (1200-4000)  (800-2100) (25-30)  (150-300) Raumfahrt-systeme
Table A7 Current SOA of high-power Other thrusters in ascending nominal P;,
) Hardware
Thruster Type Propellant  Pin, kW T, mN Tipons 8 Mo % g, ME/S  maturity level Developers References
HEMP-T 30250 DM2  Other Xe 10 332 3154 51.5 10.8 BB Thales Electron [242]
(0.8-10.8)  (40-332)  (1300-3600) (29-51.5) (3-11.8) Devices
VX-200 Other Ar 200 5800 4900 72 100 BB Ad Astra Co. [243]

(28-200)  (600-5800)

(10-72)
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